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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Little is known about the nature of floral inductive cues in day-neutral plants that are insensitive to photoperiod 
variations and, therefore, rely on endogenous signals to initiate reproductive growth. The INDETERMINATE1 (ID1) 
transcription factor is a key regulator of the transition to flowering in day-neutral maize. The ID1 gene is expressed 
exclusively in developing leaves, where it controls the production or transmission of leaf-derived florigenic signals. 
Florigen-producing source leaves were compared with mature leaves of late-flowering id1 plants, and metabolite 
and gene expression differences associated with the floral transition in maize were observed. While id1 mutants 
have a similar capacity for photosynthesis to wild-type siblings, id1 source leaves show quantitative differences 
in carbohydrate allocation prior to the floral transition stage, with a marked increase in sucrose and other solu-
ble sugars, accompanied by a decrease in tricarboxylic acid (TCA) cycle organic acids. Importantly, source leaves 
of autonomous-flowering maize are typified by a higher transitory starch to sucrose ratio and a transcript profile 
enriched for sucrose synthesis and starch metabolism-related gene function. Finally, similar changes in transitory 
starch and sucrose are not observed in teosinte, the tropical progenitor of maize that requires short-day photoperiods 
to induce flowering. Together, these data define a transcript and metabolite signature associated with the autono-
mous floral transition in temperate maize leaves.

Key words: Autonomous floral transition, indeterminate1, maize, source leaf, teosinte, transcript and metabolite.

Introduction

Flowering plants integrate multiple external and endogenous 
signals to optimize the timing of the transition from vegetative 
to reproductive growth. The coordination between vegetative 
growth for biomass accumulation and timely transition to flow-
ering is critical for reproductive success. Floral inductive cues 
are perceived or originate in mature leaves, and mobile signals 
travel long distances to the shoot apical meristem (SAM) to acti-
vate floral identity genes and initiate inflorescence development. 
Floral evocation in response to environmental signals, such 
as photoperiod and vernalization, has been described in detail 
(Jaeger et al., 2006; Amasino, 2010; Tsuji et al., 2011). However, 
the nature of endogenous floral induction mechanisms, which 

involve physiological readiness to allocate resources to floral 
organ formation, are less well understood for two main reasons. 
First, autonomous signals are controlled developmentally, rather 
than environmentally, making it difficult to tease apart physio-
logical responses specific to the floral transition. Secondly, while 
most plants coordinate both environmental and endogenous cues 
to induce flowering, relatively few model species are strictly 
day neutral.

Domestication of modern maize (Zea mays ssp mays) from its 
tropical progenitor teosinte (Zea mays ssp parviglumis) neces-
sitated adaptations to optimize flowering time at higher latitudes. 
Thus, whereas teosinte has a strict dependence on short-day 
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photoperiods to induce flowering (Emerson, 1924), temperate 
maize is largely day neutral; that is it flowers after initiating a 
particular number of leaves, regardless of day length. Despite 
evidence of residual photoperiod sensitivity in modern maize 
accessions (Chardon et al., 2004; Sheehan et al., 2007), temperate 
maize is one of a few model species that relies mainly on endog-
enous indicators of the plant’s developmental stage to cue the 
floral transition. The SAM of temperate maize commits to inflo-
rescence development once a particular number of leaves are ini-
tiated, which reflect plant age and physiological status (Irish and 
Nelson, 1991; Irish and Jegla, 1997). For example, maize B73 
inbred plants consistently initiate 16–18 leaf primordia before 
ultimately producing a terminal male inflorescence, the tassel. 
Quantitative trait loci (QTLs) with significant effects on the tim-
ing of the floral transition in maize have been described, but few 
underlying genes have been identified (Chardon et  al., 2004; 
Salvi et al., 2007; Buckler et al., 2009). Maize orthologues of 
the Arabidopsis florigen-encoding gene FLOWERING LOCUS T 
(FT) and the transcription regulator FLOWERING LOCUS  D 
(FD) have been identified (Muszynski et  al., 2006; Lazakis 
et al., 2011; Meng et al., 2011). The maize FT/FD module prob-
ably integrates both environmental and endogenous leaf-derived 
signals to regulate flowering time. Indeed, the discovery that an 
FT orthologue in tomato, SFT (SINGLE FLOWER TRUSS), pro-
motes flowering in day-neutral tomato and tobacco plants points 
to the universality of FT proteins as leaf-derived, phloem-mobile 
florigens whose functions are not dependent exclusively on pho-
toperiod input (Lifschitz et al., 2006). However, the molecular 
and biochemical nature of autonomous florigenic signals act-
ing upstream of conserved elements of the FT/FD module is 
largely unknown.

Mutation of the maize indeterminate1 (id1) gene, which 
encodes a putative zinc finger transcription factor, causes an 
extreme late-flowering phenotype, with mutant plants produc-
ing ≥ 27 leaves in the B73 background before initiating inflores-
cence development (Colasanti et al., 1998; Kozaki et al., 2004; 
Colasanti and Muszynski, 2008). id1 is expressed exclusively in 
non-photosynthetically active leaves at early stages of develop-
ment, with the highest expression at the floral transition in B73 
seedlings with seven visible leaves (denoted as V7). Importantly, 
id1 transcript is not detected in mature leaves or at the SAM 
and subtending leaf primordia (Colasanti et al., 1998), and ID1 
protein remains localized to nuclei of the same tissues in which 
the gene is expressed (Wong and Colasanti, 2007). Orthologues 
of id1 in other grasses, such as sorghum and rice, also show 
protein accumulation in developing leaves (Colasanti et  al., 
2006). Interestingly, similar to maize id1, the rice orthologue 
of id1, called OsId1 (also RID1 or Ehd2), appears to function 
at least partly through the autonomous pathway, since mutant 
and knock-down OsId1 plants are late flowering in both induc-
tive short days and non-inductive long days (Matsubara et al., 
2008; Park et al., 2008; Wu et al., 2008). In extreme cases, loss 
of OsId1 results in plants that are unable to initiate the floral tran-
sition regardless of photoperiod (Wu et al., 2008), indicating that 
ID1 and its orthologues probably define an important grass- or 
monocot-specific endogenous flowering time regulatory module.

In an earlier study, expression profiles of normal and id1 mut
ant plants were compared to define possible regulatory networks 

in immature, developing leaves; that is the tissue where ID1 is 
expressed. The pattern of expression differences that emerged 
suggested a link between ID1 activity and energy metabolism in 
this sink tissue (Coneva et al., 2007). Although no clear ortho-
logue of id1 exists in Arabidopsis, recent characterization of 
mutations in several INDETERMINATE DOMAIN genes (AtIDD) 
suggest a link to the regulation of sucrose and/or starch metabo-
lism (Morita et al., 2006; Tanimoto et al., 2008; Feurtado et al., 
2011; Seo et al., 2011a, b). This connection between sucrose and 
starch metabolism and the floral transition is intriguing, especially 
in light of long-standing physiological studies that link floral 
induction to carbohydrate changes in mature leaves (Sachs and 
Hackett, 1983; Bodson and Outlaw, 1985; Lejeune et al., 1993). 
Collectively, these data lend support to the notion that the autono-
mous floral induction pathway may involve a coordinated change 
in carbohydrate metabolism in order to support the process of 
floral organ formation and subsequent reproductive development.

Here, late-flowering id1 mutants are used to analyse the 
physiological basis of autonomous flowering-time regulation in 
day-neutral maize by comparing transcript and metabolite lev-
els in florigen-producing wild-type source leaves and mature 
leaves of non-flowering mutants just prior to the normal floral 
transition. It was found that id1 mutant leaves show significant 
transcriptional and metabolite changes, whereas overall car-
bon assimilation capacity is unaffected. Specifically, leaves of 
non-flowering id1 plants have a lower ratio of transitory starch to 
sucrose as well as lower levels of major tricarboxylic acid cycle 
(TCA) organic acids. Together these changes define a transcript 
and metabolite signature associated with the autonomous floral 
transition in maize.

Materials and methods

Plant growth conditions and sample collection
The id1-m1 allele backcrossed 10 times to maize inbred B73 was used 
for all experiments. Plants were grown in Conviron controlled-condition 
growth chambers under a light intensity of 1000 µmol m–2 s–1 in 15/9 h 
light cycles at 27 °C during the light period, and 23 °C during the dark 
period. Teosinte plants were grown in short days (SD), 9/15 h light 
cycles, or night break (NB) where 15 h of darkness were interrupted by 
a single hour of light. Carbon dioxide (CO2) was maintained at ~400 
ppm and plants were fertilized weekly with 20–20–20 (nitrogen–phos-
phorus–potassium). At the two leaf-tip stage, plants were genotyped for 
id1 using PCR primers IdF, IdR4, and DsR (Supplementary Table S6 
available at JXB online) as described previously (Wong and Colasanti, 
2007). At the seven leaf-tip stage (V7), entire leaf blades of the young-
est fully expanded leaf, leaf 5 (L5), were sampled for starch and sucrose 
quantification at Zeitgeber time 0, 8, and 14 h after dawn (ZT0, ZT8, 
and ZT14). Similarly, leaf 7 (L7) was sampled from plants at the ninth 
visible leaf-tip stage (V9). Five biological samples were collected per 
time point and the experiment was repeated three times. For gas chro-
matography–mass spectrometry (GC-MS) analysis and gene expres-
sion experiments, L5 leaf blades from V7 plants were collected at ZT8. 
Immature leaves for GC-MS analysis were collected at the V7 stage by 
removing the leaf sheaths of all but the last two visible leaves and excis-
ing a 7 cm section starting above the SAM.

Expression analysis
For microarray analysis, entire leaf blades (L5) from three wild-type 
plants and three id1 mutants were collected as specified above and 
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ground in liquid nitrogen. RNA was extracted from 150 mg of leaf tissue 
per plant using TRIzol® reagent (Invitrogen) and cleaned up on RNeasy 
columns (Qiagen) as per the manufacturers’ instructions. For global 
expression analysis, the GeneChip Maize Genome array (Affymetrix) 
with 17 555 probe sets was used to interrogate ~14 850 Z. mays tran-
scripts. Labelling, hybridization, and scanning of the chips were carried 
out by the London Regional Genomics Center facility (London, Ontario, 
Canada) according to company protocols. The .cel files were loaded into 
GeneSpring GX 11 (Agilent Technologies) and the GC-RMA normali-
zation algorithm was applied. A minimum 2-fold change between nor-
malized average wild-type and id1 samples was applied, and statistical 
significance was assessed with a t-test (Benjamini–Hochberg-corrected 
P < 0.05). MapMan pathway analysis was used to assign statistically 
significant probe sets to functional bins (Thimm et al., 2004). AgriGO 
analysis for Gene Ontology (GO) term enrichment was carried out 
using Singular Enrichment Analysis with maize Affymetrix Array as a 
background reference (Du et al., 2010). A hypergeometric distribution 
was used for the analysis, and the Yekutieli multiple testing correction 
was applied.

Further gene expression analysis was carried out using real-time 
reverse transcription-PCR (qRT-PCR). RNA was extracted as detailed 
above from five biological replicates per genotype. cDNA was prepared 
using qScript cDNA SuperMix (Quanta Biosciences) according to the 
manufacturer’s instructions. A full list of qRT-PCR primers is available 
in Supplementary Table S6 at JXB online. A  PerfeCTa SYBR Green 
SuperMix (Quanta Biosciences) and an Applied Biosystems 7300 Real 
Time PCR instrument were used, and resulting data were analysed 
by the 2–∆∆Ct method to obtain fold difference in expression between 
id1 and the wild type for each gene (Livak and Schmittgen, 2001). 
Glyceraldehyde-3-phosphate dehydrogenase (ZmGAPDH) was used for 
normalization. Statistical significance is reported for Student’s t-tests 
with P < 0.05.

Transmission electron microscopy
L5 was harvested between the 10th and 15th cm from the leaf tip of 
V7 plants at ZT0, ZT8, and ZT14. Leaf tissue was fixed in 3% gluta-
raldehyde, 2% acrolein solution in 25 mM phosphate buffer and then 
post-fixed in 2% osmium tetroxide. The fixed tissue was dehydrated 
through an ethanol series (30–100%) and then incubated in propylene 
oxide before embedding in Spurr’s resin (SPI-Chem) according to the 
manufacturer’s instructions. Sectioned material was examined with a 
Philips CM10 electron microscope.

Carboxyfluorescein diacetate (CFDA) studies
The blade of L5 of plants at the V7 stage was cut under water and sub-
merged in a 50 µg ml–1 (5-,6-) carboxyfluorescein diacetate (CFDA; 
Invitrogen) solution to evaluate phloem transport of the dye as pre-
viously described (Ma et  al., 2009). Three plants of each genotype 
were tested and the experiment was repeated twice. Cross-sections of 
L5 sheaths were examined 3 h after CFDA application and observed 
with a Leica DM RE confocal microscope using an argon 488 nm 
laser for excitation, and emission settings for carboxyfluorescein in 
the 495–535 nm range and in the 620–670 nm range for chlorophyll 
autofluorescence.

Photosynthesis measurements
A Li-6400 instrument (LiCor, Lincoln, NE, USA) was used for photo-
synthesis measurements. L5 for V7 stage plants, L7 for V9, or L9 for 
V11 was clamped into a 6 cm2 leaf chamber (6400-02B) with a red/blue 
LED light source. Measurements for five plants of each genotype were 
obtained starting 2 h after the onset of the light period (ZT2) and the 
experiment was repeated three times. All measurements were performed 
using an airflow rate of 400 µl s–1 and auto-programs with standard sta-
bility definitions. Matching of the sample and reference IRGAs was 
performed for ∆CO2 <20. Statistical significance was evaluated using a 
Student’s t- test with P < 0.05.

Chlorophyll assay
For chlorophyll quantification, entire leaf blades of L5 at the V7 stage 
were collected and ground in liquid nitrogen using a Retsch® MM301 
ball mill. Chlorophylls were extracted using 80% aqueous acetone solu-
tion and quantified based on absorbance measurements at 645 nm and 
663 nm. Chlorophylls a and b, as well as total chlorophyll were deter-
mined as previously described (Arnon, 1949).

Sucrose and starch quantification
Entire leaf blades were collected, lyophilized, and then ground to a 
fine powder with a Retsch® MM301 ball mill. Methanol-soluble com-
pounds were extracted at 70  °C. Phase separation was carried out 
using methanol:chloroform:water (5:3:7, v/v/v) and the polar frac-
tion was anlysed further for sucrose and total protein content. Sucrose 
was quantified using treatment with invertase and hexokinase, and 
finally measuring ∆NADPH concentration at 340 nm upon addition of 
glucose-6-phosphate dehydrogenase. Glucose was quantified in paral-
lel and then subtracted from the invertase-treated sample. The pellet 
remaining after methanol extraction of the dry leaf samples was lyophi-
lized and suspended in water. Total starch was determined using a starch 
quantification kit (Megazyme, Ireland) as specified by the manufacturer.

Total soluble protein was quantified in polar fractions after dissolu-
tion of lyophilized pellets in 20 mM TRIS-HCl buffer (pH  7.2) con-
taining 300 mM sodium chloride. Bradford reagent was added and the 
samples were analysed spectrophotometrically as previously described 
(Bradford, 1976). Protein amounts were interpolated from a bovine 
serum albumin (BSA) standard curve.

Metabolite profiling using GC-MS
Blades of the mature fifth leaf and immature leaves of V7 stage plants were 
prepared as described above. In addition, ribitol was added to methanol 
and used in the extraction of dry ground plant material. An experimentally 
optimized aliquot of the polar fraction was lyophilized and derivatized 
using methoxyamine and N-methyl-N-trimethylsilyl-trifluoroacetamide 
as previously described (Roessner et al., 2000). A 1 µl aliquot of deri-
vatized sample was injected into the splitless injection port of a Varian 
1200 GC-MS system (Varian). Chromatography was performed using 
an Rtx-5MS column (Chromatographic Specialties, Brockville, Ontario, 
Canada). Mass spectra were recorded with an m/z scanning range of 
50–650. Data analysis was performed using the automated mass spectral 
deconvolution and identification system (AMDIS, http://chemdata.nist.
gov/mass-spc/amdis). The resulting components were filtered in GASP 
(Nuin, 2004) using a signal to noise ratio of 5 as a cut-off requirement. 
Component data were normalized to ribitol, and average normalized 
component area was compared between genotypes for the same tissue 
type using a t-test at α < 0.1 or α < 0.05. The Golm Metabolite Database 
was used for component identification (Kopka et  al., 2005). Sucrose 
was present in mature leaf extract samples at significantly higher levels 
relative to all other metabolites and was, therefore, outside of the limit 
of quantification.

Results

Use of indeterminate1 maize mutants as a late-
flowering model in a day-neutral species

Late-flowering id1 maize affords a unique system to study the 
endogenous floral induction pathway since the developmental 
signals necessary to initiate a normal transition to flowering 
are absent in the mutants. While ID1 is presumed to function 
in developing, heterotrophic leaves, florigen signals originate in 
fully expanded photosynthetically active leaf blades (Colasanti 
et al., 1998; Wong and Colasanti, 2007). Thus, it was reasoned 
that ID1 might act during early leaf development to produce 
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quantifiable changes in mature, florigen-producing leaves. Maize 
plants homozygous for the id1-m1 mutant allele (Colasanti et al., 
1998) and their normal-flowering siblings were compared at the 
same stage of growth that corresponds to the floral transition 
point in wild-type plants (Fig. 1A). Normal B73 plants (hence-
forth referred to as ‘wild type’) at the V7 stage are approaching 
floral transition, but shoot apical meristems of id1 and wild-type 
plants are indistinguishable at this stage; that is they have the 
dome-shape typical of vegetative meristems (Fig. 1B). Although 
no morphological changes are evident in wild-type apices at 
this stage, qRT-PCR analysis showed that expression of ZCN8, 
a maize orthologue of the Arabidopsis FT florigen-encoding 
gene, is significantly up-regulated in L5 of wild-type plants 
compared with the same leaf in the late-flowering id1 mutants 
(Supplementary Fig. S1 at JXB online).

At the V9 stage, which occurs ~5 d after V7 under the growth 
conditions used here, wild-type apices have undergone the tran-
sition to flowering as is evident from elongation of the wild-type 
SAM. At V11, ~10 d after the floral transition, the differentiating 
apical meristems of wild-type plants have greatly increased in 
size and exhibit clear tassel primordium morphology, including 
branch meristems (Fig. 1B).

Thus, the V7 stage is an ideal developmental point to assess 
physiological changes associated with the floral transition since 
it coincides with the period of floral induction signalling but pre-
cedes morphological changes of the SAM. At this stage, physio-
logical, metabolite, and transcriptional differences were profiled 
in mature leaves of wild-type and id1 plants.

Expression profiling of mature source leaves

Microarray data analysis interrogating about a third of known 
maize genes yielded a list of 460 entities with a minimum 2-fold 
change in expression between L5 of V7 stage wild-type and id1 
plants significant at the 0.05 false discovery rate level. A  full 
list of statistically significant expression differences is shown 
in Supplementary Table S1 at JXB online. MapMan analysis, 
which groups probe sets into hierarchical functional catego-
ries, termed bins, based on putative biological function (Thimm 
et al., 2004), was used. Thus, 414 of 460 probe sets representing 
differentially expressed genes were assigned to 35 bins in the 
‘Overview’ visualization pathway using Affymetrix mapping for 
maize (Supplementary Table S2 at JXB online). Several major 
functional categories were identified by calculating the relative 
proportions of probe sets in each bin (Fig. 2A). Transcriptional 
changes in genes with putative functions in metabolism were 
visualized using the ‘Metabolism overview’ pathway (Fig. 2B). 
Primary metabolic processes, including minor and major 
carbohydrate metabolism, cell wall biosynthetic processes, 
energy-generating processes, amino acid, and lipid, and nucleo-
tide metabolism, constitute 14.5% of all transcriptional changes 
(Fig. 2B). To ascertain if any GO terms are statistically enriched 
in the data set of differentially expressed entities, agriGO anal-
ysis was performed (Du et  al., 2010). Fifteen GO terms that 
belong to the ‘Biological Process’ ontology are significantly 
over-represented in this data set (P < 0.05) (Fig. 2C). The major-
ity of statistically enriched terms belong to the ‘Carbohydrate 
metabolic process’ node including ‘Polysaccharide metabolic 

process’, which is enriched most significantly. Specifically, sev-
eral genes encoding key proteins in starch and sucrose metab-
olism have altered expression levels in id1 mutant leaves. For 
example, transcripts encoding the small subunit of an ADP 
glucose pyrophosphorylase (AGPase; NM_001111708) along 
with a putative sucrose phosphate synthase (SPS; BF728690), 
key enzymes in starch and sucrose synthesis, respectively, are 
more abundant in id1 mutant leaves (Fig. 3A). SUT1 (Sucrose 
Transporter1), encoding the maize sucrose transporter respon-
sible for loading of sucrose in source leaves for export to sinks 

Fig. 1.  Normal-flowering (wt) and indeterminate1 (id1) mutant 
plants in the B73 maize inbred. (A) Wild-type (wt) and id1 plants 
at the seven visible leaf-tip developmental stage (V7). L5, leaf 
five is the youngest leaf with a visible collar and the leaf sampled 
for subsequent analysis. (B) Shoot apical meristems (SAMs) of 
wt and id1 plants at the V7, V9, and V11 developmental stages. 
Scale bars represent 0.1 mm. Asterisks show the position of tassel 
branch meristems. (This figure is available in colour at JXB online.)
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Fig. 2.  Microarray analysis of mature leaves of floral transition stage wild-type and id1 mutant plants resulted in 460 probe sets with 
at least a 2-fold change in expression (P < 0.05) using three biological replicates per genotype. (A) Differentially expressed genes were 
assigned to 35 bins in the ‘Overview’ visualization pathway of MapMan using Affymetrix mapping for maize. The frequency of each 
bin is reported as a percentage (%) of the total number of mapped changes (414). (B) The ‘Metabolism overview’ MapMan pathway 
was used to visualize transcriptional changes in genes with putative functions in metabolism. Green represents higher expression in 
id1 mutants, while red denotes lower expression in id1 relative to the wild type, with darker shading indicating increasing magnitude of 
log2 expression fold change as specified by the scale. (C) AgriGO analysis of expression differences between the wild type and id1 for 
statistically enriched GO terms in the ‘Biological process’ ontology. P-values <0.05 are reported in parentheses. Colouring of GO term 
nodes is proportional to their significance as indicated by the scale.
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(Aoki et al., 1999; Slewinski et al., 2009), is expressed at lower 
levels in id1 source leaves relative to the wild type (Fig. 3A). 
Further, the microarray data show that id1 mature leaves have 
higher transcript levels for predicted glycolysis and TCA cycle 
enzyme-encoding genes such as UDP-glucose pyrophosphory-
lase (UGPase; NM_001137270), 6-phosphofructokinase (PFK; 
NM_001137275), phosphoenol pyruvate carboxylase (PEPCase; 
NM_001158445), citrate synthase4 (NM_001153134), and aco-
nitase (NM_001138804) (Fig. 2B; Supplementary Table S2).

Expression differences for selected genes were confirmed 
using real-time RT-PCR analysis. Relative expression of genes 
mapping to bins that reflect several functional categories of 
expression change were confirmed in all cases (Supplementary 
Table S3 at JXB online).

Major alterations in transitory starch and sucrose in 
id1 leaves

To follow up on the finding of expression level differences for 
major sucrose and starch metabolism genes in source leaves of 
late-flowering id1 maize (Figs 2, 3A), sucrose and transitory starch 

were quantified in pre-transition V7 as well as post-transition V9 
mature leaf blades. Leaf samples collected at three ZT points: 
dawn (ZT0), midday (ZT8), and the end of a long day (ZT14), 
were analysed to account for diurnal fluctuations in starch and 
sucrose accumulation. Overall, sucrose and starch levels are 
higher in id1 mutant leaves relative to wild-type plants, espe-
cially at midday (Fig. 3B). The total carbohydrate amount (starch 
plus sucrose) is significantly higher in late-flowering plants when 
expressed both as a ratio to soluble leaf protein and relative to 
dry leaf mass (Supplementary Fig. S2A at JXB online). While 
maximum starch accumulation in leaves at the end of a long day 
is not significantly different between mutants and the wild type, 
the amount of starch detected at the end of the dark period (ZT0) 
is higher in id1 mutant leaves (Fig.  3B). However, expression 
level differences were not detected in genes encoding enzymes 
required for starch degradation, such as β-amylase and isoamyl-
ase, or in genes that facilitate the export of transitory starch deg-
radation products, such as mex1 (maltose excess1; EU963397) 
and GlcT (Glucose Translocator; AF215854) (Supplementary 
Table S1, Fig. S2B) (Weise et al., 2004; Kikuchi et al., 2009; Pin 
et al., 2010).

Fig. 2.  Continued
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The relative ratio of transitory starch to sucrose was also 
examined in id1 and wild-type leaves. Mutant plants at the V7 
stage have a markedly decreased starch to sucrose ratio during 
the day (Fig. 3B). It is also intriguing that, while wild-type leaves 

Fig. 3.  Transcriptional and metabolite level differences in 
sucrose and starch metabolism of id1 and wild-type leaf 5 at V7. 
(A) Quantitative RT-PCR of maize genes encoding a small unit 
of ADP-glucose pyrophosphorylase (AGPase) and the Sucrose 
Transporter1 (SUT1) genes. A putative Sucrose Phosphate 
Synthase (SPS) transcript is up-regulated in id1 leaves based 
on microarray analysis (no error bars). All fold change values 
are statistically significant [(+), t-test, P < 0.05]. (B) Starch and 
sucrose levels in mg metabolite per g leaf dry weight (DW) at 
Zeitgeber time points (ZT) 0, 8, or 14 h after dawn. Horizontal 
bars below the x-axis denote light/dark cycles, with vertical 
slashes indicating that the length of the dark cycle is not drawn 
to scale. (C) Relative ratio of starch to sucrose at the same ZT 
as B. The ratios of log10 of each metabolite in mg g–1 leaf DW for 
wild type (light grey) and id1 (dark grey) are shown. Statistical 
significance between id1 and the wild type at each ZT based on 
a t-test (P < 0.05) is indicated with (+). Error bars represent the 
SD (n = 5).

have higher daytime starch to sucrose ratios at V9 compared with 
V7, the ratio remains unchanged within this developmental time 
frame in the id1 mutant (Supplementary Fig. S2C at JXB online).

Photosynthetic rate and leaf morphology are 
unchanged in id1 mutant leaves

To investigate whether the observed higher levels of sucrose 
and starch in mature leaves of id1 mutant plants might be due 
to increased carbohydrate assimilation, photosynthetic rate and 
capacity were compared in mutant and wild-type plants. Plants 
at V7, V9, and V11 developmental stages were included in the 
analysis. No alteration in the photosynthetic rate of id1 mutant 
leaves at the V7 stage was detected (Fig. 4A; Supplementary Fig. 
S3A at JXB online) and leaf chlorophyll content was similar in 
id1 and normal-flowering plants at this stage (Supplementary 
Fig. S3B). Cross-sections of fully expanded leaves of the mutant 
and wild-type transition stage plants were also examined at key 
time points in the diurnal cycle (ZT0, ZT8, and ZT14) using 
transmission electron microscopy (TEM). No qualitative dif-
ferences were apparent in mesophyll or bundle sheath chloro-
plast distribution or morphology, nor in the appearance or size 
of bundle sheath chloroplast starch grains (Fig. 4B). In light of 
the observed differences in sucrose levels, the gross morphol-
ogy of cell–cell connectivity along the symplastic route of sugar 
loading in leaves was also evaluated. No major differences 
were observed in the distribution or overall appearance of plas-
modesmata connections between bundle sheath and vascular 
parenchyma cells (Fig. 4C). Further, the ability of source leaves 
to transport the phloem mobile fluorescent tracer CFDA from 
blades to sheaths was assessed. CFDA has been used to study 
phloem solute transport of maize leaves impaired in carbohy-
drate loading (Ma et al., 2009). Carboxyfluorescein was always 
detected in sieve elements of the phloem of both id1 mutant and 
wild-type leaf sheaths (Fig. 4C), indicating that id1 leaves are 
similar to the wild type in their ability to transport the dye through 
the leaf vasculature. Moreover, analysis of carbohydrate levels in 
immature leaves, which are sinks for sucrose unloading, showed 
that these heterotrophic tissues in id1 mutants accumulate simi-
lar levels of glucose, sucrose, and starch to wild-type plants at 
this stage (Supplementary Fig. S4 at JXB online). Together, these 
data show that the elevated sucrose levels detected in id1 mutant 
leaves cannot be attributed to apparent defects in cell–cell con-
nectivity along the symplastic sucrose transport route or along 
the phloem stream, although minor alterations that are undetect-
able by these methods cannot be ruled out.

Finally, since no major alterations in photosynthetic capac-
ity and gross defects with sucrose export were observed, the 
expression levels of several maize sucrose transporter-encoding 
genes were examined to assess possible changes at the molecu-
lar level. In addition to ZmSUT1 (Fig. 3A), ZmSUT2, ZmSUT4, 
and ZmSUT5 expression was quantitatively compared in sink 
and source leaves of id1 mutants and normal-flowering maize. 
Interestingly, ZmSUT2 expression is down-regulated in source 
leaves of id1 mutants relative to the wild type, while ZmSUT4 
and ZmSUT5 transcripts are detected at decreased levels in id1 
sink leaves (Table 1).
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Fig. 4.  Leaf photosynthetic capacity and morphology of the 
wild type and id1. (A) Photosynthetic rate (PN) of the youngest 
fully expanded leaf of V7, V9, and V11 id1 (dark grey bars) and 
wild-type (light grey bars) plants. Error bars represent the SD 
(n = 5). (B) TEM images of the fifth leaf of V7 stage id1 (a, b) and 
wild-type (c, d) plants. (a and c) Chloroplasts in bundle sheath 
cells; SG, starch grains. (b and d) Chloroplasts in mesophyll cells; 
Gr, grana. (C) (a and b) The interface between bundle sheath 
(BS) and vascular parenchyma (VP) cells in a vascular bundle 
of leaf 5 shows symplastic connectivity between these cell 
types via plasmodesmata (PD); (c and d) cross-sections of leaf 
sheaths show carboxyflourescein fluorescence (green, asterisk) 
in cells of the vascular bundle (VB). Red indicates chlorophyll 
autofluorescence. Arrows indicate mature xylem vessels.

Fig. 5.  Comparison of metabolite levels in the fifth leaf of wild-type 
and id1 mutant plants at the V7 stage based on GC-MS analysis. 
The log2 ratio of the wild type to id1 normalized component area 
(n = 5) is shown. (++) represents ratios significant at the P < 0.05 
level, while (+) indicates metabolites with a significant difference 
between genotypes at the P < 0.1 level based on t-tests.

Primary metabolite alterations in mature leaves 
associated with the floral transition

To follow up on the observed transcript and carbohydrate altera-
tions in id1 V7 leaves, wild-type and id1 leaf extracts were ana-
lysed using GC-MS. Approximately 120 components (peaks) 
were detected per sample, and the average normalized peak area 
was significantly different between wild-type and id1 leaves for 
26 peaks (t-test, P < 0.05). Putative identities were assigned for 13 
of these peaks based on the best mass spectrum match to metab-
olites in the Golm Metabolite Database (Fig. 5; Supplementary 
Table S4 at JXB online). In addition to sucrose (Fig. 3B), glucose, 
fructose and glyceric acid-3-phosphate are among the primary 
metabolites present at significantly higher levels in id1 mutant 
leaves, while pyroglutamic acid and the TCA cycle organic acids 
citric acid and α-ketoglutaric acid are lower in id1 leaves (Fig. 5). 
Metabolite levels were also compared in extracts of immature 
leaves, a sink tissue where id1 is expressed, at the onset of floral 
induction (V7). With the exception of elevated levels of fructose, 
as well as a strong candidate for trehalose, relatively few dif-
ferences were detected between the immature leaves of id1 and 
wild-type plants (Supplementary Table S5).

Starch and sucrose levels in flowering versus 
non-flowering teosinte

The progenitor of autonomously flowering temperate maize is 
teosinte, a tropical maize that requires short-day photoperiods to 
induce the floral transition (Emerson, 1924). Levels of transitory 
starch and sucrose were compared between florally induced and 
uninduced V7 teosinte leaves to delineate whether similar altera-
tions in the levels of major carbohydrates observed in id1 mutants 
are associated with the floral transition in general or may be spe-
cific to the ID1-regulated autonomous pathway in maize. For this 
experiment, teosinte was grown under inductive SD photoperi-
ods and under night break (NB) conditions where short-day con-
ditions were interrupted by exposure to light. It was determined 
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that as little as 1 h of light in the middle of a 15 h night causes 
100% of teosinte plants to remain in a vegetative growth state, 
which was confirmed by excision and observation of shoot mer-
istems at V7 and V9 (not shown). Comparison of plants grown in 
SD and NB conditions minimizes the effect of large photoperiod 
differences. It was found that, with the exception of higher levels 
of transitory starch at ZT0 in the NB treatment, no other sig-
nificant differences in carbohydrate accumulation were detected 
in mature leaf blades associated with florally induced teosinte 
plants (Fig.  6). Therefore, changes in carbohydrate levels are 
associated with flowering in autonomous day-neutral maize but 
not in photoperiod-dependent teosinte.

Discussion

Expression differences in leaves of id1 maize highlight 
a central role for carbohydrate metabolism at the 
autonomous floral transition

Primary metabolic processes constitute 14.5% of all transcrip-
tional differences between wild-type and id1 source leaves 

Fig. 6.  Sucrose and starch levels in leaf 5 of flowering (SD) versus 
non-flowering (NB) teosinte plants at ZT 0, 9, and 15 h after dawn. 
Error bars represent the SE for three experiments. (+) denotes 
statistical significance between SD- and NB-grown teosinte plants 
at a particular ZT.

Table 1.  Expression of ZmSUT2, ZmSUT4 and ZmSUT5 
transcripts in fully expanded source leaf blades and immature sink 
leaves represented as fold up-regulation in the wild type relative to 
id1 mutants at the V7 stage 

Gene Tissue RQ wild type/id1 P-value

ZmSUT2 Sink leaves 1.08 NS
Source leaf blade 1.81 0.007

ZmSUT4 Sink leaves 1.34 0.038
Source leaf blade 1.34 0.069

ZmSUT5 Sink leaves 1.56 0.026
Source leaf blade Not detected NA

Data are based on qRT-PCR with five biological replicates; fold 
change values with statistical significance at the P < 0.05 level are 
reported in bold.

(Fig.  2B), and GO enrichment analysis showed that ‘carbohy-
drate metabolic process’-related nodes are over-represented 
among transcriptional changes (Fig.  2C). Specifically, genes 
involved in starch and sucrose metabolism are up-regulated in 
id1 source leaves (Figs 2B, 3A), while genes encoding enzymes 
involved in glycolysis and the TCA cycle are down-regulated 
(Supplementary Table S2 at JXB online). These results provide 
evidence of a close association between carbohydrate metabo-
lism and the floral transition in florigen-producing maize leaves. 
Interestingly, microarray profiling experiments that aimed to 
capture broad functional categories of transcriptional changes 
associated with the transition to flowering in other species, such 
as rice, soybean, and Arabidopsis, have also reported a promi-
nent role for metabolism-related transcripts indicating that meta-
bolic status is closely linked with the floral transition (Wilson 
et al., 2005; Chen and Wang, 2008; Wong et al., 2009).

In a previous transcriptome analysis of immature leaves of 
id1 mutants that aimed to identify downstream targets of ID1 
activity, prominent transcriptional differences were detected in 
carbohydrate metabolism-related genes (Coneva et  al., 2007). 
In the current study id1 mutants were use as a tool and advan-
tage was taken of the developmental gradient characteristic of 
grass leaves to compare mature leaves that produce florigen 
with mature leaves at the same developmental stage that do not 
produce florigen. Collectively the findings suggest that changes 
in primary metabolism-related gene function are extended to 
later stages of leaf development and are associated with mature, 
florigen-producing maize leaves.

id1 source leaves have a distinct metabolite signature 
indicative of changes in carbohydrate utilization

Examination of florigen-producing mature leaves at the devel-
opmental stage preceding the floral transition in normal maize 
showed that id1 mutants accumulate significantly higher levels 
of sucrose, other soluble sugars, and, to a lesser degree, starch, 
during the day than the wild type (Figs 3B, 35). The metabo-
lite profile of id1 leaves is also characterized by lower levels of 
TCA cycle organic acids, such as citric acid and α-ketoglutaric 
acid, compared with wild-type plants (Fig. 5). In the absence of 
an increase in photosynthetic capacity in id1 mutants relative 
to wild-type plants (Fig.  4A; Supplementary Fig. S3A at JXB 
online), it was hypothesized that the increased sucrose levels in 
id1 leaves may be due to a change in the relative proportion of 
major carbohydrate metabolites in the leaf. Indeed, id1 mutants 
have a significantly decreased transitory starch to sucrose ratio 
(Fig.  3B) and this ratio may be a more accurate indicator of 
the physiological status of the plant. Indeed, sucrose level dif-
ferences alone may not be sufficient to explain flowering-time 
effects, and some studies find that elevated sucrose is associ-
ated with an inhibitory effect on flowering time (Ohto et  al., 
2001; Seo et al., 2011b). Several lines of evidence support the 
hypothesized importance of the balance between transitory 
starch and sucrose in the leaf. First, an increase in the starch to 
soluble carbohydrate ratio is associated with floral promotion 
in day-neutral tobacco plants (Rideout et  al., 1992). Further, 
tomato plants overexpressing SPS direct an increased proportion 
of newly assimilated carbon into sucrose synthesis at the expense 
of transitory starch accumulation. While a moderate increase in 
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sucrose levels in SPS overexpression plants led to a stimulation 
of flowering and fruit yield, plants with a dramatically decreased 
starch to sucrose ratio did not have increased yield (Sharkey 
et al., 2004; Raines and Paul, 2006). Moreover, QTL analyses 
in Arabidopsis support a negative correlation between soluble 
sugar levels in early stages of development and flowering, while 
transitory starch accumulation is associated with early flowering 
(El-Lithy et  al., 2010). Finally, pgm1 (phosphoglucomutase1) 
mutants, which accumulate 10-fold higher levels of soluble car-
bohydrates than non-mutant plants but are unable to synthesize 
starch, do not complete the floral transition, even under induc-
tive photoperiods (Corbesier et al., 1998). These various studies 
show a connection between altered carbon assimilation and the 
floral transition, although whether this relationship is causal or 
correlative remains to be determined.

In addition to changes in the relative abundance of sucrose 
and starch, id1 source leaves are typified by lower levels of some 
organic acids (Fig.  5). QTL analysis and metabolite profiling 
have uncovered strong correlations between the levels of pri-
mary metabolites and growth rate, biomass accumulation, and 
flowering (Meyer et al., 2007; Gibon et al., 2009; El-Lithy et al., 
2010). Based on the observed metabolite and transcriptional pro-
files, it is suggested that id1 mutant leaves favour carbohydrate 
utilization over storage in source leaves (Fig. 7). This hypothesis 
is supported by the metabolic profile of pea embryos in which 
the Sucrose non-fermenting1 related kinase1 gene, SnRK1, is 
repressed. Similar to id1 leaves, SnRK1 antisense embryos have 
increased sucrose and a decreased starch to sucrose ratio, as well 
as lower TCA cycle organic acids and amino acids (Radchuk 
et al., 2010). Storage activity and seed maturation are strongly 
impaired in SnRK1 antisense lines (Radchuk et al., 2006), illus-
trating the importance of concerted carbohydrate allocation for 
normal development.

Fig. 7.  The metabolic signatures of source leaves associated 
with ‘readiness to flower’ (yellow arrow) in wild-type versus 
vegetative growth in id1 at V7. Transcript and metabolite profiles 
of id1 leaves reflect changes in the ratio of transitory starch to 
sucrose (pie charts) as well as sucrose utilization within the leaf 
(circular arrows). The balance between carbohydrate storage and 
utilization is shifted in id1 source leaves, resulting in the absence 
of a ‘readiness to flower’ signal and, thus, vegetative growth. The 
dome structure represents the SAM.

A possible role for transitory starch accumulation as a 
flowering-time cue in maize

The finding that late-flowering id1 mutants have a significantly 
decreased starch to sucrose ratio (Fig. 3C) and enrichment of 
‘polysaccharide metabolic process’ and related GO terms among 
expression differences in id1 source leaves (Fig. 2C) highlights 
a possible role for transitory starch at the floral transition. This 
association is also evident in a number of Arabidopsis mutants 
where late flowering results from defects in starch accumula-
tion. For example, in addition to pgm1, pgi1 (phosphoglucose 
isomerase1) and adg1 (AGPase) mutants are unable to produce 
transitory starch in leaves and are late flowering, especially in 
short days (Corbesier et al., 1998). Moreover, analysis of starch 
content in rice leaves shows that a peak in starch accumulation 
coincides with heading (Chen and Wang, 2008). However, as 
with sucrose levels, it is probably not starch levels per se that 
influence flowering time, but rather the control of carbohydrate 
allocation in the leaf. This idea is supported by the observa-
tion that both starch-overaccumulating Arabidopsis mutants, 
such as sex1 (starch excess1) and cam1 (carbohydrate accu-
mulation1), and the starch-deficient mutants discussed above 
are late-flowering (Eimert et al., 1995). Collectively, these data 
show a correlation between the ability to flower at the proper 
time and both sufficient transitory starch accumulation and 
adequate and timely mobilization of leaf starch. Moreover, 
expression differences were not observed in genes encoding 
amylases, or a putative chloroplast maltose translocator mex1 
in id1 leaves, suggesting that starch mobilization is not affected 
(Supplementary Table S1, Fig. S2B at JXB online). However, 
because current knowledge of the mechanisms that control 
transitory starch degradation in C4 plants such as maize is lim-
ited (Weise et al., 2011), dissection of the observed association 
between transitory starch and the floral transition awaits a more 
complete understanding of this process.

Is sucrose export linked to the floral transition 
in maize?

Carbohydrate export to sink tissues is an essential prereq-
uisite for floral induction (i.e. sucrose is required to fuel 
the metabolic requirements of the rapidly growing inflores-
cence). In maize, sucrose travels along a symplastic route from 
chloroplast-containing cells to vascular parenchyma cells and is 
then exported to the apoplasm before being loaded onto sieve ele-
ments via the ZmSUT1 symporter (Slewinski and Braun, 2010). 
Thus, sucrose export from maize leaves consists of both sym-
plastic and apoplastic steps. Defects in the symplastic portion of 
sucrose export, such as structurally modified plasmodesmata in 
the sxd1 (sucrose export defective1) mutant (Russin et al., 1996; 
Botha et al., 2000), as well as the sut1 mutant which is impaired 
in loading of sucrose from the apoplast (Aoki et  al., 1999; 
Slewinski et  al., 2009), exhibit carbohydrate hyperaccumula-
tion in leaves accompanied by reduced vegetative growth and 
delayed flowering. While no obvious obstruction of the symplas-
tic route or the phloem stream was observed in id1 mutants at the 
floral transition (Fig.  4B), SUT1 expression is down-regulated 
in mutant leaves (Fig.  2A), pointing to the possibility that the 
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apoplastic step of sucrose export from leaves may be affected in 
id1 mutants. Alternatively, decreased SUT1 levels in id1 mutants 
may be due to feedback regulation as a consequence of elevated 
sucrose levels (Fig. 2B).

Interestingly, in addition to ZmSUT1, ZmSUT2, 4, and 5 are 
also down-regulated in leaves of id1 mutants (Table 1). Although 
the function of these transporters requires further investiga-
tion, phylogenetic analysis suggests that ZmSUT2 belongs to 
the same group of SUT proteins as potato StSUT4, which has 
been demonstrated to regulate flowering time and tuberization 
by coordinating light and carbohydrate signals (Chincinska 
et  al., 2008). The notion that ZmSUT2 may have an analo-
gous function to StSUT4 is consistent with the observation that 
ZmSUT2 expression is lower in source leaves of id1 mutants, 
which display carbohydrate allocation alterations and lower 
ZmSUT1 levels. An earlier report speculated that Arabidopsis 
members related to ZmSUT4 may have a role in sucrose sens-
ing (Barker et  al., 2000). The ZmSUT5 clade of proteins are 
uncharacterized, but many members have high expression in 
sink organs (Braun and Slewinski, 2009). These data suggest 
that, although no alterations in major carbohydrate levels were 
detected in sink tissues of id1 mutants (Supplementary Fig. S4 
at JXB online), the possibility of subtle and/or transient adjust-
ments in whole-plant carbohydrate allocation cannot be ruled 
out. An association between transcript levels of SUT1 transport-
ers in source leaves and flowering time has been reported for 
potato and day-neutral tobacco (Burkle et al., 1998; Leggewie 
et al., 2003; Chincinska et al., 2008). Further, the expression of 
several sucrose transporters, including the Arabidopsis ortho-
logue of SUT1, AtSUC2, is affected in the late-flowering idd8 
mutant (Seo et al., 2011b). However, the possibility that sucrose 
export is dramatically altered in id1 mutants is inconsistent with 
the observation that lowered SUT1 expression is associated with 
fewer leaves at flowering and decreased growth (Burkle et al., 
1998; Slewinski et al., 2009). These phenotypes contrast with 
the vigorous vegetative growth of id1 mutants and with the lack 
of appreciable changes in photosynthetic activity (Fig.  4A). 
Additionally, although SUT1 levels are decreased by ~50% 
in id1 source leaves, sucrose levels in id1 immature leaves, a 
sink tissue, are comparable with the wild type (Supplementary 
Fig. S4).

Alternatively, elevated leaf concentrations of sucrose in id1 
mutants may down-regulate the sucrose transporter transcript 
level similar to what has been reported for SUT1 transcrip-
tion in sugar beet (Chiou and Bush, 1998; Vaughn et al., 2002; 
Ainsworth and Bush, 2011). Ultimately, the causal relationship 
between ID1, SUT1 expression, and sucrose levels in source 
leaves of maize is an interesting area for further investigation, 
especially in light of the report by Kühn and Frommer (1995) 
showing that the potato IDD gene PCP1 is able to rescue a 
sucrose transport deficiency in yeast.

Autonomous flowering signals and the mechanism of 
ID1 action

The transcriptional and metabolite data suggest that the absence 
of ID1 activity is marked by significant carbohydrate alloca-
tion changes in source leaves that alter the balance between 

utilization and storage of resources that is required to signal 
‘readiness to flower’. Thus, id1 mutants continue to grow veg-
etatively (Fig. 7). The major alterations in starch and sucrose lev-
els in source leaves of id1 mutants and wild-type siblings were 
not observed when comparing florally induced with vegetatively 
growing teosinte (Fig. 6). These findings support the notion that 
carbohydrate allocation changes in mature maize leaves are 
associated specifically with the ID1-regulated autonomous floral 
transition in temperate maize.

A question that remains is how the autonomous pathway 
integrates known flowering-time components with leaf-derived 
florigen signals. The Arabidopsis FT gene, and its correspond-
ing orthologues in diverse species, encodes a protein that acts 
as a florigen (Corbesier et  al., 2007; Lin et  al., 2007; Tamaki 
et al., 2007; Lazakis et al., 2011; Meng et al., 2011). Recent evi-
dence suggests that maize has at least one FT orthologue, ZCN8, 
and the expression of this florigen-encoding gene is dependent 
on id1 (Lazakis et al., 2011; Meng et al., 2011). It is intrigu-
ing to speculate that ZCN8 (and potentially other ZCN genes) 
integrates signals from the autonomous and photoperiod path-
ways. In this scenario, ID1 acts to establish an epigenetic blue-
print in developing leaves that is manifested as a physiological 
programme in mature leaves that results in activation of genes 
required for florigen production. Ultimately, these changes result 
in a metabolic signature in mature leaves that converges with 
other leaf-derived signals to control the expression or mobility 
of ZCN8 or other undiscovered florigens. It is speculated that 
during the rapid evolution of day-neutral temperate maize from 
teosinte, the ID1-regulated autonomous floral induction pathway 
overshadowed the ancestral obligate SD photoperiod pathway, 
thus allowing maize growth to expand into a broader range of 
latitudes.

Supplementary data

Supplementary data are available at JXB online.
Figure S1.  qRT-PCR analysis of ZCN8 expression level in 

mature leaf five of V7 wild-type plants relative to id1 mutants at 
the same developmental stage.

Figure S2.  (A) Total carbohydrate (sucrose plus starch) to 
soluble protein ratio in id1 and wild-type mature leaf 5 at V7. 
(B) Relative expression levels of a putative maize maltose trans-
porter gene (maltose excess1, mex1) and a glucose translocator 
gene (GlcT) in wild-type and id1 mature leaves. (C) Starch to 
sucrose ratio in source leaves of id1 and wild-type plants after 
the floral transition (V9).

Figure S3.  (A) CO2 response curve for id1 and wild-type leaf 
five at the V7 stage. (B) Chlorophyll quantification of id1 and 
wild-type leaf five at the V7 stage.

Figure S4.  Comparison of starch, sucrose, and glucose levels in 
immature sink leaves of id1 mutants relative to normal-flowering 
V7 maize plants.

Table S1.  Full list of 460 probe sets differentially expressed 
at the 2-fold, P < 0.05 level between wild-type and id1 mutant 
source leaves (L5) at the V7 developmental stage.

Table S2.  Full list of 414 MapMan ‘Overview’ bin assign-
ments of differentially expressed probe sets.
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Table S3.  List of differentially expressed genes from micro-
array analysis of mature leaves of id1 mutants and wild-type 
plants confirmed by real-time (q)RT-PCR.

Table S4.  List of statistically significant (P  <  0.05) leaf 
five metabolite differences between mature leaves of id1 and 
wild-type plants prior to the floral transition (V7 stage).

Table S5.  List of statistically significant (P < 0.05) metabo-
lite differences between immature leaves of id1 and wild-type 
plants at V7.

Table S6.  List of primers used for id1 genotyping and 
qRT-PCR experiments.
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