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Abstract
Background: Floral transition is a critical event in the life cycle of a flowering plant as it determines its reproductive
success. Despite extensive studies of specific genes that regulate this process, the global changes in transcript expression
profiles at the point when a vegetative meristem transitions into an inflorescence have not been reported. We analyzed
gene expression during Arabidopsis thaliana meristem development under long day conditions from day 7 to 16 after
germination in one-day increments.
Results: The dynamics of the expression of the main flowering regulators was consistent with previous reports: notably,
the expression of FLOWERING LOCUS C (FLC) decreased over the course of the time series while expression of LEAFY (LFY)
increased. This analysis revealed a developmental time point between 10 and 12 days after germination where FLC
expression had decreased but LFY expression had not yet increased, which was characterized by a peak in the
number of differentially expressed genes. Gene Ontology (GO) enrichment analysis of these genes identified an
overrepresentation of genes related to the cell cycle.
Conclusions: We discovered an unprecedented burst of differential expression of cell cycle related genes at one
particular point during transition to flowering. We suggest that acceleration of rate of the divisions and partial cell
cycling synchronization takes place at this point.
Keywords: Arabidopsis thaliana, Cell cycle, Flowering, Meristem, Gene expression, RNA-seq

Background
For annual plants, such as Arabidopsis thaliana, proper
determination of the flowering time is critical for plant
reproductive success because a switch from vegetative to
reproductive development is irreversible. Consequently, the
transition to flowering is under strict genetic and environmental control [1], with floral initiation being induced by
both external (photoperiod- and vernalization-dependent)
and internal pathways (autonomous, age- and gibberellindependent) [2–4]. Day length has a strong influence on
flowering time and for some plants, termed long-day (LD)
plants, exceeding of critical day length is necessary for the
transition to flowering. In contrast, short-day (SD) plants
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start to flower only when the day length is shorter than a
critical value, and there are also plants that are photoperiod
neutral. Dependence of floral induction on day length differs between species and even accessions within a single
species [5]. A. thaliana is a facultative LD plant, meaning
that it proceeds to flowering when day length exceeds a
threshold, but it can also flower in a delayed fashion under
SD conditions [6, 7].
Analysis of mutants with abnormal flowering time has
allowed the identification of genes controlling floral
transition [8]. At least 60 genes have been described as
participants in flowering regulation [9]. The photoperioddependent pathway of floral promotion converges on the
gene CONSTANS (CO), which is known to be expressed
in a circadian manner [10]. CO is a direct activator of
FLOWERING LOCUS T (FT), a so-called florigen [11, 12].
FT is a small protein that transfers flowering induction
signals from leaves into the shoot apical meristem (SAM),
where it interacts with the FLOWERING LOCUS D (FD)
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product, a bZIP transcription factor, to promote flowering [13, 14]. Another floral integrator is SUPPRESSOR
OF OVEREXPRESSION OF CO 1 (SOC1), which is characterized by an early activation in the transition to flowering,
marking the switch from a vegetative meristem to inflorescence [15, 16]. The activation of SOC1 under LD conditions
depends on FT and FD [17]. Another element in this complex system is LEAFY (LFY), a floral integrator whose expression increases in the SAM during the transition to
flowering [18, 19]. LFY is a positive regulator of APETALA1
(AP1) and expression of AP1 therefore increases later than
LFY [19]. After flowering initiation, the action of LFY and
AP1, as well as CAULIFLOWER (CAL) results in the upregulation of genes that control floral organ identity [20–23].
An alternative way to promote flowering involves the
exposure of plants to low temperature, a process called
vernalization. The key integrator of the vernalization pathway is a MADS-box transcription factor, FLOWERING
LOCUS C (FLC), which functions as a repressor of flowering and whose expression decreases during vernalization
[24]. VERNALIZATION INSENSITIVE 3 (VIN3) and
VERNALIZATION 5 (VRN5)/VIN3-like 1 (VIL1) genes are
known to be involved in chromatin modification that leads
to the repression of FLC expression [25, 26]. Expression of
FLC in accessions that are insensitive to cold treatment
(such as Columbia or Landsberg erecta) is reduced by an
autonomous pathway [4, 27, 28]. An interplay between
FLC and genes involved in photoperiodic activation of
flowering has also been reported [29]. Finally, the MADSbox transcription factor SHORT VEGETATIVE PHASE
(SVP) is known to act together with FLC to suppress flowering [30].
Despite this extensive knowledge of the behavior of
key regulatory genes involved in the transition to flowering, the composition and dynamics of the underlying
global genetic networks at the transcriptome level are
still poorly understood. A recent study by Torti et al.
(2012) focused on an analysis of the A. thaliana SAM
during transition to flowering and reported gene expression profiles from three developmental stages of meristems, providing useful, although not high-resolution,
data. Another study described the development of the
inflorescence meristem (IM) and floral meristem, a
process that takes place after the transition to flowering
[31]; however, the mechanisms involved in transforming
a vegetative meristem (VM) into an IM are still unclear.
In this current study we analyzed the dynamics of gene
expression in A. thaliana meristem during the transition
to flowering using RNA sequencing (RNA-seq). This technology allows the determination of genome-wide expression levels as well as the identification of novel transcripts
and isoforms. RNA-seq has been successfully used in studies of numerous plant species, including A. thaliana, rice
(Oryza sativa), soybean (Glycine max), maize (Zea mays)
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as well as non-model species, such as wild strawberry
(Fragaria vesca) [32–36]. The most common experimental
approach for studies of flowering transition involves growing plants under SD for several days before transferring
them to LD. This allows for the synchronization of flowering initiation when plants are placed under permissive
photoperiod conditions and thus helps to track processes
involved in flowering [29, 37]. It should be noted that
under natural growth conditions plants develop without
such dramatic increases in day length. We used LD grown
plants, which more closely approximates native conditions, and collected meristems at ten developmental stages
to obtain a high-resolution data set, thus allowing a detailed evaluation of the processes that accompany the conversion of a VM to an IM.

Results
Morphology of the meristem in the course of transition
to flowering

A. thaliana SAMs were collected at ten stages from 7 to
16 days after germination (Fig. 1). Due to the developmental variability that occurs even in highly homozygous
populations, harvested plants were synchronized by
morphological markers: the number and structure of
leaves and flowers. Plants at 7 days after germination
(referred to as stage M1) had the first and second leaves
visible, leaf 3 had trichomes and the last visible leaf
primordium was the sixth. Stage M2 (8 days after germination) was characterized by 1-3 visible leaves at the
whole-rosette level, the first and second leaves had a
central vein with a length 50 % that of the leaf length,
leaf 4 had trichomes and the last visible primordium was
the eighth. At 9 days after germination (stage M3) leaves
1 and 2 contained a central vein with a length 90 % that
of the leaf length, leaf 4 was visible at the whole-rosette
level, leaf 6 had trichomes and the last visible primordium was the ninth. At stage M4 (10 days after germination) leaf 5 was visible, leaves 1 and 2 had a central
vein with a length 90 % that of the leaf length, leaf 8 had
trichomes and the last visible primordium was the thirteenth. Stage M5 (11 days after germination) was characterized by a visible leaf 6 at the whole-rosette level,
leaves 1 and 2 were approximately 1 cm in length, leaf 3
had a central vein length that was 50 % that of the total
leaf length, leaf 9 had trichomes, and the last visible
primordium was the fourteenth. After 12 days of plant
development (stage M6) no new organs had emerged,
but the whole plant had increased in size. Leaf 3 was
0.7 cm long and had a central vein length 90 % that of
the leaf length, leaf 6 was visible at a whole-rosette level,
leaf 9 had triсhomes, and the last visible primordium
was number 14. The third leaf of plants at 13 days after
germination (referred as stage M7) was 1 cm in length,
leaf 4 was 0.7 cm, leaf 7 was visible at the whole-rosette
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Fig. 1 Scanning electron micrographs (SEM) and photographs showing the developmental stages of the shoot apical meristem (SAM). The
region that was collected as the meristem sample is false colored green in the SEM images. Leaves covering the meristem were removed. The
rosette photographs provide a whole-plant view at the stages of collection

level, leaf 10 had triсhomes and the last visible primordium was the sixteenth or seventeenth. Stage M8
(14 days after germination) was characterized by the third
leaf measuring 1.5 cm, 1.2 cm leaf 4, leaf 8 was visible,
there were triсhomes on the tenth leaf, there were a total
of 16 or 17 leaves and 4 floral primordia were present
(stage 1 and 2) [38]. At stage M9 (15 days after germination) leaf 9 was visible at the whole-rosette level, leaf 10
had trichomes, there was a total of 16 or 17 leaves and 1–
4 floral primordia at stages 2–4 [38]. At stage M10 (16 days
after germination) plants had ten visible leaves at the
whole-rosette level and 1–4 floral primordia at stages 3–5
[38].

Transcriptome sequencing of SAMs

Pools of samples comprising 15 hand-dissected SAMs
for each stage (M1–M10) were harvested in two biological replicates. Total RNA was extracted and used for
library construction and sequenced using Illumina protocols. After removal of low-quality reads, >20 million
uniquely mapped reads were retained for further analysis
from each sample (Additional file 1). Pearson r2 correlation values for all replicates varied from 0.96 to 0.99
(Additional file 1), indicating consistency of the raw
data. In total, the expression of 21,391 distinct genes was
detected, with a slight difference between the numbers
of expressed genes between the samples: the highest
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number of transcripts (19,480) was detected in the stage
M2 sample and the lowest (18,750) in the М8 sample
(Fig. 2a). A total of 15,312 genes were found to be
expressed in all 10 samples (Additional file 1).
Differential gene expression and transcriptional dynamics
of key flowering regulators

The number of differentially expressed (DE) genes varied
from 13, between stages M1 and M2, to 4,890 between
stages M9 and M10 (Additional file 2). A substantial increase in the number of DE genes (compared with the
other pair-wise comparisons) was observed between
M4–M5 and M5–M6 (3,552 and 3,019, respectively),
while the number when comparing M6 with M7 decreased to 770 (Fig. 2b). A second spike of differential
expression was observed from M8 to M10, which may
be associated with the formation of floral primordia. To
confirm that the data are in agreement with reports in
the literature we evaluated the expression dynamics of
known key regulators of the transition to flowering and,
to this end, the genes for the main negative and positive
regulator of flowering (FLC and LFY, respectively) were
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chosen as reference markers. According to previously
published data, the expression of FLC decreases during
floral transition while the expression of LFY increases
[24] and these trends were also observed in our RNAseq data (Fig. 2b).
The formation of leaf primordia as a part of the vegetative meristem developmental program takes place during
stages M1 to M4. At these stages FLC is characterized by
a five-fold reduction of expression while LFY is expressed
at low levels. Another negative flowering regulator, SVP, is
highly expressed in the meristems until the early stages of
bolting and in flower primordia [30]. Consistent with this,
we found the expression of SVP to be high and to increase
in this period of the time series. One of the earliest genes
activated in the transition to flowering, SOC1, was found
to show a five-fold increase in expression during stages
M1–M4 and a three-fold increase in expression during
M3–M4, while FD is highly expressed in SAMs before
floral induction and undergoes a further increase in
expression at later stages [14]. Indeed, we found that between M1 and M4 the expression of FD increased 4.5-fold.
During the M4–M5 stages, expression of both FLC and

Fig. 2 Gene expression during meristem development. (a) Number of expressed genes at each stage averaged for two replicates. (b) Time series
divided in four stages: vegetative development, transition to flowering, flowering and flower development. The number of differentially expressed
(DE) genes is indicated for comparison of each stage with the previous stage. Expression profiles of key genes that regulate the flowering process
are presented
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LFY was maintained at low levels, while SOC1 expression
decreased two-fold between M4 and M5, to form a sharp
local peak of expression at the M4 stage. Expression of
genes from the SQUAMOSA PROMOTER BINDING
LIKE (SPL) family has been shown to increase in SAMs in
response to LD conditions [29] and SPL3, SPL4, SPL5,
SPL9 and SPL15 take part in the transition to flowering
upstream of APETALA1 (AP1) [39–42], with SPL9 and
SPL15 specifically participating in leaf primordium initiation [41]. Accordingly, for these two genes we found a
peak of expression at M4 and the onset of a general increase at M6.
From M6 to M8 (where three floral primordia are
already formed) FLC expression decreased to very low
levels and LFY expression increased four-fold compared
to M6. There was also a continued increase in expression of SOC1 (1.8-fold). The expression of SPL4 and
SPL5 started to increase at stage M7, which is consistent
with in situ hybridization analyses where SPL3, SPL4
and SPL5 expression was not detected in the vegetative
meristem [41]. SPL9 and SPL15 expression increased
from M6 to M8. In M8 AP1 expression increased from
undetectable levels and CAL also expression increased
from background levels (Fig. 2b). After the M8 stage an
initiation of floral primordia in the SAM occurs. FLC expression decreases to almost zero and LFY showed a
slightly increase in expression. At this point, the activation of genes involved in floral organ identity takes place
and we observed that genes such as APETALA3, PISTILLATA and AGAMOUS, all well-known regulators of
flower development, showed an increase their transcript
abundance from zero to their maximum levels at M10
(Fig. 2b).
Thus, according to the expression dynamics of FLC,
LFY and other regulators of the transition to flowering,
our time series can be divided into four main parts: first,
stages M1–M4, where FLC expression is decreased and
LFY is expressed at low levels (the stage of vegetative
growth of the meristem); second, M4–M6 (a transitional
stage, characterized by a parity in FLC and LFY expression); third, M6–M8 (the stage where the activation of
the flowering takes place and when LFY expression
starts to increase but FLC expression is reduced); and
fourth, M8-M9 (the stage of flower primordia initiation
and development) (Fig. 2b). The transitional stage is of
particular interest because of the equal expression levels
of negative and positive regulators and a spike in differentially expressed genes in M5. Notably, no new organs
formed between the M5 and M6 time points, suggesting
that the reprogramming of the meristem from vegetative
development to reproductive development is the primary
event associated with these patterns. As far as we are
aware, this particular developmental stage has not previously been characterized by detailed transcriptome
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profiling and we propose that a detailed analysis of genes
that are up- and downregulated at this point will give
new insights into the molecular pathways involved in
this transition.
Gene ontology enrichment analysis of differentially
expressed genes at the transitional stage

We characterized the DE genes based on Gene Ontology, several protein domain databases (PIR, InterPro,
SMART), the KEGG pathway database as well as other
databases with the DAVID Bioinformatics Resources 6.7
[43, 44] (Additional file 2). Enriched terms that characterized the downregulated genes in the M4–M5 comparison
and upregulated genes in the M5 and M6 stages, contained
categories associated with cytoskeleton organization and
movement (microtubule, actin and myosin, kinesin, actin
filament-based movement), chromatin modification and
DNA replication (helicase, chromatin regulator), ATPase
activity (ATP binding, ATPase, AAA+ type, core) and
kinases (protein amino acid phosphorylation, serine/
threonine protein kinase, active site) (Additional file 2).
Enriched categories for the upregulated genes in the
M4–M5 comparison and the downregulated genes in
the M5–M6 comparison were related to nucleosome assembly (chromatin, histone H4, DNA packaging), tubulins (tubulin complex) and ribosome biogenesis and
structure (ribosomal subunit, protein biosynthesis). Genes
that were downregulated from stage M4 to M5 belong to
categories such as cell cycle regulation and DNA replication (DNA-directed DNA polymerase activity, cell cycle
process) while upregulated genes were enriched in the nucleotide metabolism (ATP biosynthetic process, nucleoside
triphosphate metabolic process) category.
Gene clusters

To identify groups of genes associated with meristem
development, we performed a clustering analysis based
on expression profiles and the GO analysis of the resulting data. To obtain the most accurate clustering we used
the k-means method with a 1,000 repeats and constructed hierarchical trees based on the distance matrix
produced (see Experimental procedures). This allows the
separation of genes while avoiding the stochastic nature
of k-means clustering. The first clustering step yielded
2,420 clusters containing 18,825 genes (88 % of the
expressed genes). The number of genes in the clusters
varied from 51 to 5 with a median of 7, which was not
sufficient for an effective GO enrichment analysis. Moreover, many clusters had similar expression profiles. Thus,
super-clusters were generated using the mean expression
profiles of the previously obtained clusters. As a result,
257 super-clusters were generated, containing 16,615 genes
(77 % of the expressed genes). For each super-cluster the
mean expression profile was calculated and GO enrichment
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was determined (Additional file 3). Twelve superclusters
have expression profiles with generally uniform expression
at all stages, with the exception of M5 where expression is
distinctly higher and maximal in profile (e.g. superclusters
1, 10, 21, Fig. 3a). Genes in such superclusters are enriched
in annotated functions associated with biogenesis of ribosomes, histones, nucleosomes, chromatin modification and
mRNA splicing. Superclusters with the opposite profile (i.e.
a decrease in expression at stage M5), such as superclusters
5, 67, 68 (Fig. 3b) are enriched in the terms ATPase and nucleotide binding, helicases and pentatricopeptide repeats.
Another category comprises superclusters with downregulated genes in M4 and upregulated in M5 (e.g. superclusters
9, 14, 27, 225; Fig. 3c). Terms enriched in these superclusters are associated with biogenesis and structure of ribosomes and photosystems.
Genes whose expression increased in M4 and decreased
in M5 fell within superclusters related to the cytoskeleton
and cytoskeletal movement (microtubules, kinesins), such
as e.g. superclusters 45, 52, 81 and 218 (Fig. 3d).
Analysis of specific gene classes

The DE gene and super-cluster analysis suggested that
genes responsible for chromatin organization, cytoskeletal function, DNA synthesis and cell cycling were upregulated during the initiation of flowering. In order to

Page 6 of 15

obtain a more comprehensive view of the dynamics of
the gene expression, we chose several groups of genes
for a more detailed analysis; specifically those encoding
elements of the cytoskeleton (actin, actin-related proteins, actin polymerizing and depolymerizing factors,
tubulin, myosin, kinesin and dynein), histone and histone modifiers, DNA and RNA polymerases, cyclins,
cyclin-dependent kinases and other genes related to cellcycle factors. The expression of all actin genes except
those that have known functions in floral structures was
found to decline at the M4 stage but return to previous
levels or increase at M5 (Additional file 4). The actin
depolymerizing factors (ADFs) are proteins known to
act in the remodeling of actin, thereby controlling its
depolymerization [45]. Actin monomers can then be used
in new filament formation and ADFs contribute to the dynamic state of the actin network [46]. The A. thaliana genome contains 11 ADF genes [47], of which most showed
decreased expression at M4 and an increase at M5
(Additional file 4). Only a few ADF genes exhibited dissimilar expression dynamics and these are all known to be
expressed in specific plant structures, such as pollen [48].
Villins, of which there are five in A. thaliana [49], are
actin bundling proteins that can either protect actin
from ADFs or promote the severing of actin polymers
[50]. In our RNA-seq results all of the villin genes

Fig. 3 Expression profiles of super-clusters. For specific super-clusters profiles of relative expression values are shown. (a) Super-clusters with profiles
that have a pronounced spike at M5. (b) Superclusters of genes with decreased expression at the M5 stage. (c) Profiles with decreased expression at
M4 and a subsequent increase at M5. (d) Profiles indicating increased expression at M4 and a subsequent decrease at M5. Bars indicate dispersion of
normalized gene reads count
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(VLN1-VLN5) showed a decrease in expression at the
M5 stage (Additional file 4). Other gene products involved in stabilizing actin filaments in A. thaliana are
fimbrins (e.g. FIM1 and FIM2 [51]), which, in the meristems, were found to have a reduced expression from
stage M4 to M5 (Additional file 4). Class XI myosins are
fast processive molecular motors that play a role in the
rapid dynamics of Golgi stacks, mitochondria, peroxisomes and plastids [52–57]. All the myosin genes detected in our study, as well as myosin-like genes, showed
a decreased expression at M5 (Additional file 4). While
the genes encoding tubulin A and B, proteins that form
microtubules, had a peak of expression at the M5 stage,
while almost all the kinesins showed a decreased expression at this stage (Additional file 4, Fig. 4). Histones
comprised a significantly enriched category in the GO
enrichment analysis of genes that increased when comparing M4 and M5 while decreasing in M5–M6 and in
super-clusters with a peak in M5. Twenty-eight of the 30
genes encoding histones showed maximal expression at
stage M5 (Additional file 5, Fig. 4a and b). Among acetyl
transferases, demethylases and methyl transferases, the
majority of genes showed a decrease in expression at M5
(Additional file 5), and while genes encoding the subunits
of DNA- and RNA-polymerases were downregulated,
other non-catalytic subunits common to nuclear DNAdependent RNA polymerases showed the opposite profile
(Additional file 6 and 7). Lastly, we looked at cyclins and
cyclin-dependent kinases (CDKs), which function as key
regulators of the cell cycle. We determined that cyclins A,
B and T had the highest expression at M4 (Additional
file 8, Fig. 4b). Taken together, the expression data
strongly indicate significant changes in cell cycle progression at the M5 stage.

Verification of data from the transition stage

Since the RNA-seq data from the initial experiment suggested that the M4–M6 time points are the major stages
in the transition to flowering, we repeated the entire experiment for stages M3–M7 (M3N–M7N). Tissues from
each stage were collected in two replicates pooled from 15
plants grown under the same conditions and using the
same morphological markers as previously described. Normalized total gene read counts and Pearson r2 correlation
values, which were between 0.93 and 0.99, are shown in
Additional file 9. DE genes were identified for each pair of
consecutive stages and these matched the lists of DE genes
from the first experiment in at least 50 % of the cases. The
GO enrichment analysis was similar in all the lists of
down- or upregulated genes, with a 100 % match in most
cases (Additional file 9). In addition, the super-cluster profiles were very similar between the two experiments, with
a similarity median of 0.95 (Additional file 9). For the gene

Page 7 of 15

classes described above the similarity median was 0.9
(Additional file 9).

Discussion
The genes with the most striking changes in their expression profiles included histones, tubulins and cyclins,
whose transcription is well known to be highly dependent
on the cell cycle stage. Their expression patterns have
been well documented in artificially synchronized plant
cell suspension cultures [58–60], and so our data point to
processes in the development of the SAM involving major
cell cycle related events. To our knowledge, such processes have not previously been characterized at the molecular level in the SAM, although changes in the cell
proliferation rate occurring at the moment of the transition to flowering have been well documented in cytological studies, as described below.
Two major expression patterns of cell cycle related
genes in M4–M6 were: (I) a pronounced peak in M5;
and (II) upregulation in M4 followed by a decline in M5
and reversion in M6. Histone gene transcription is well
known to be tightly regulated during cell cycle progression ([61] and references therein) and mRNA levels of
all histones synchronously increase as cells enter the S
phase, but then decrease to lower levels shortly after the
end of S phase [60, 62, 63]. Thus, histone mRNA can be
used as both a marker of S phase progression and as an
indicator of the proliferation index of a given tissue in
all organisms [64, 65]. Here, we found that almost all
genes encoding histones and uncharacterized histonelike proteins exhibited the type (I) pattern (Fig. 4a, Additional file 5). In addition, genes encoding components
of the DNA replication machinery exhibited the group
(I) pattern; in plant cell cultures they are known to increase transcript abundance during late G1 and S
phases [66]. In our experiment, both A. thaliana genes
encoding proliferating cell nuclear antigens, PCNAs
(PCNA1 and PCNA2) showed a clear single peak at M5
(Fig. 4a, Additional file 6). RPA2/RPA32A and two
RPA3-related genes (AT3G52630 and AT4G18590) encoding subunits of Replication Protein A (a singlestranded DNA binding factor essential for DNA replication) showed a similar expression profile, while genes
for variants of the third subunit (RPA70 gene family)
did not show differential expression (Fig. 4a, Additional
file 6). Other DNA replication related genes, which
belonged to group (I), were RFC2, encoding replication factor C2 (Fig. 4a, Additional file 6). Expression of the S
phase-promoting checkpoint phosphatase CDC25 homolog
(AT5G03455) also showed a sharp peak of expression at
M5 (Fig. 4a, Additional file 8). This is of particular
interest since in plant cell tissue culture this gene has
been reported not to show cell cycle regulated expression [60], contradicting studies from other organisms
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Fig. 4 Expression profiles of specific gene classes. Some groups of genes have a synchronized behavior. (a) Genes that belong to type (I) of
expression pattern have a pronounced peak in M5. (b) Genes of type (II) are upregulated in M4 and M6, with a decrease in M5. Relative
expression values for the gene classes, normalized to the highest values for each gene, are presented
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[67]. Interestingly, yeast CDC25 has been shown to induce flowering in tobacco upon over-expression [68].
Importantly, a pattern similar to those of the above S
phase related genes was also observed for transcripts
whose presence is usually associated with the late G2
and mitosis stages. For example, the levels of mRNAs
encoding α- and β-tubulins clearly peaked at M5, though
in this case the profile differed slightly in that the mRNA
levels were high not only in M5 but also at early and late
stages (M1–M3 and M8–M10, respectively) (Fig. 4a,
Additional file 4). During mitosis, higher levels of tubulin monomers are required to form the mitotic spindle,
so transcription of tubulin genes is elevated at the late
G2/M phase of the cell cycle in many organisms, including plants [58, 62, 63]. This means that in M5 we observe a simultaneous upregulation of S phase and G2/M
phase specific genes.
In addition, canonical (A- and B-type) cyclin-dependent
kinases also showed type (I) behavior at the M4–M6
stages (Fig. 4a, Additional file 8). Among several classes of
CDK genes found in the A. thaliana genome, a single
CDKA gene and four CDKB genes are directly involved in
cell cycle control [69]. In cell culture, CDKA;1, an ortholog
of yeast CDC28 and animal CDK1 that is exclusively
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associated with the G1/S-specific cyclins, is constitutively
expressed, while plant-specific CDKB1 and CDKB2 genes
are associated with the G2/M peak of the mitotic cyclins
(reviewed in [70]). We found both the CDKA and all four
CDKB genes to be significantly upregulated at the M5
stage. We also observed an elevated expression of two
genes encoding scaffold CDK subunits (CKS1 and CKS2) at
the same stage (Fig. 4a, Additional file 8). CKSs are components of the CDK-cyclin core complex, which have different
expression patterns in cycling plant cells [60, 69]. Finally,
three genes for SIAMESE-related cell cycle inhibitors
(SMR2, SMR4 and SMR11), which are thought to control
mitosis, were also substantially upregulated at M5 [69].
These results are congruent with the idea that a burst
of cell division occurs in the SAM at the M5 stage, accompanied by a shortening of the G1 and G2 phases
(Fig. 5). This was further supported by data from the Gene
Ontology Enrichment analysis, which revealed an upregulation of genes associated with nucleotide biosynthesis, ribosome biogenesis, translation, mitochondria and chloroplast
components at the same stage (Additional file 2), pointing
to an extensive proliferation peaking at this time point
[71, 72]. However, the expression profiles of several important cell cycle regulators, including cyclins, appear to

Fig. 5 A model explaining the observed changes in the expression level of cell cycle related genes during the floral transition of the shoot apical
meristem (SAM). At stages before M4 cells cycle slowly due to long G1 and G2 phases. There is also a large proportion of non-cycling (G0) cells.
During floral transition (M4 to M5), the cell cycle duration is shortened at the expense of the G1 and G2 phases, and many G0-arrested cells enter
the cell cycle. Subsequently, (after M6), the duration of the cycle increases again. Typical expression patterns of cell cycle regulated genes are
shown schematically in the lower panel (those for mitotic genes are red, for S-phase specific genes are dark blue, and G1/G2 and G0 genes are
green and yellow, respectively)
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complicate this hypothesis. Plants have a complex set of
genes encoding cyclins and cyclin-like proteins (Wang
et al., 2004; [60, 73] and references therein). In suspensioncultured cells, most A- and B-type (mitotic) cyclins have
been shown to have a uniform expression pattern, accumulating in late G2 with a peak in early mitosis [60]. The exceptions are CYCA3;1, CYCA3;2 and CYCA3;3, which were
predominantly expressed at the G1/S boundary and so actually represent G1 cyclins [60, 74]. The expression of genes
encoding for CYCA1s, CYCB1s and CYCB2s are regulated
by a common molecular mechanism that involves binding
of the R1R2R3-Myb transcription factors MYB3R1 and
MYB3R4 to M phase-specific activator (MSA) elements in
their promoters [75]. In our time course analysis, at least
13 of these genes, including CYCA3;1, showed the type (II)
pattern, with a peak of expression at M4 and a subsequent
decline at M5 (Fig. 4b, Additional file 8). This correlated
well with the expression of a gene encoding the MSAbinding transcription factor MYB3R1, which also showed
the type (II) pattern. CYCA1;2 was the only mitotic cyclin
that belonged to group (I), suggesting that this gene has
some specific role in vivo. The expression of CYCA3;2 and
CYCB1;3 did not vary significantly, while CYCA2;1 showed
a pattern that was not characterized by either type (I) or
(II). Thus, most of the Cyclin A and Cyclin B genes
belonged to the type (II) group.
Genes encoding D-type cyclins did not show such a
uniform expression profile. In synchronized suspension
cell culture, they have been shown to have peaks of expression during the G1 phase and G1/S transition, although with a diversity of profiles: CYCD5;1 and
CYCD3;3 mRNAs accumulate in early G1 and levels
then decline as cells move towards the S phase, whereas
CYCD4;1, CYCD4;2 and CYCD3;1 mRNAs accumulate
in late G1 and peak at the G1/S boundary [60, 66]. Of
the 9 cyclins in this class for which we were able to detect expression, two (CYCD3;2 and CYCD3;3) exhibited
type (I) expression, three (CYCD2;1, CYCD4;2 and
CYCD6;1) demonstrated high expression only in the
M1 stage, one (CYCD1;1) peaked at M9–M10, and the
others showed no significant changes throughout the
time period investigated (Additional file 8).
Most of the genes encoding E2F/DP/RB pathway components, which are known to be G1/S phase regulated
(DPa, DPb, E2Fa, E2Fb, E2Fc, RBR, WEE1 kinase and
DEL3, see [60]), also belonged to the type (II) expression
category (Fig. 4b, Additional file 8). All three genes encoding APC activators for which we were able to detect
transcripts (CDC20-1, CDC20-2 and CCS52B) were
similarly type (II), even though they demonstrated a M
phase specific expression in cell culture [60].
Even more intriguing was the observation that some
genes that were expressed at the same stage during cell
cycle progression in plant cell culture showed the
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contrasting pattern of expression during the M4–M5
stage in our study of expression in SAMs. For example,
tubulins and kinesins have previously been reported to
show a simultaneous peak of expression in the G2/M
phase of the cell cycle [58, 60, 66]. However, in our
study, tubulin genes exhibited type (I) expression, while
all genes encoding kinesins clearly demonstrated type
(II) expression (Fig. 4a and b, Additional file 4). The
same was true for the PCNA and MCM families, both of
which comprise S phase specific genes [66]. While
PCNA1 and PCNA2 grouped with the type (I) genes (see
above), several MCM genes (MCM3, MCM4, MCM5,
MCM6) had the type (II) expression pattern (Fig. 4a and
b, Additional file 6). We suggest that the antitropic expression of genes encoding important cell cycle regulators
occurring in the M4 stage can be explained by major developmental and physiological reorganization within the
cells, which at that point are preparing to enter into extensive proliferation that occurs at M5. We propose that at
the M4 stage a fraction of cells from the vegetative meristem, which are slowly cycling and residing in the G2
phase, are activated and begin to move synchronously toward mitosis, while those cells residing in G1 start to prepare to enter the S phase. In M5, they rapidly cycle
without long G1 or G2 phases, while in M6 and subsequent stages the proliferation rate returns to the normal
level. We suggest that ‘reformatting’ of the cell cycle in
M4 SAMs underlies the non-canonical pattern of gene
expression at this stage. At M5, some non-dividing (G0)
cells that were present in the SAM may also have entered into the division phase, as suggested by expression
of some D-type cyclins.
The dramatic changes in the cell proliferation status of
cells in the vegetative SAM during the floral transition
has previously been reported, but has not yet been characterized in molecular terms. Specifically, since the
1960s, several groups have described this phenomenon extensively using cytological approaches, mostly based on
studies of Silene coeli-rosa (by R. Lyndon and D. Francis
groups) and Sinapis alba L. (by G. Bernier group), but also
in A. thaliana and other species ([76–79]. In all these
studies, the floral transition was induced by manipulating
the photoperiod and as a result of these analyses the authors drew several important conclusions. First, the rate of
cell division in the SAM sharply increased during the transition to flowering, with cell doubling time decreasing
from 20–80 h (depending on species and the SAM zone)
to only a few hours (see [78–82] and references therein).
This dramatic reduction in the cell cycle duration was
achieved mostly by a shortening of the G1 and G2 phases
[78, 81, 83], although some authors also reported a shortening of the S phase [78, 84]. The latter was essentially
achieved by an activation of latent DNA replication origins
(i.e. an increase of the number of replicon origins per unit
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length of DNA) and was observed immediately prior to
commitment to flowering [84, 85]. In contrast, the
changes in the duration of G1 and G2 proceeded in several stages. G2 was the longest phase of the cell cycle in
the vegetative SAM and G1 was the longest at later stages
[86]. According to one detailed study, at the first stage a
reduction in the length of the G2 phase of the rapidly cycling cells occurred together with a return of non-cycling
G2 cells to the division cycle [78]. This contributed to the
first mitotic wave in the inflorescence meristem. Subsequently, a shortening of the G1 phase of the rapidly cycling
cells and the release of some non-cycling G0/G1 cells into
the S phase occurred contributing to the second mitotic
wave. These observations are consistent with our hypothesis. Second, the changes in the evoked meristem observed
at the cytological level included a partial synchronization of
cell divisions in the SAM (see [83, 86], and references
therein). This synchronization however could be suppressed under certain conditions [87] indicating that it may
be a side effect of the activation of cell division. The third
observation was that the cell population of the meristem
was heterogeneous, including zones of rapidly cycling and
non-cycling cells. During the floral transition, the cell proliferation rate changed to differing extents between these
zones [80, 81, 86]. All these processes contribute to the
complex picture we observed at the molecular level.
We note that since all the above observations were
made in an SD/LD-induced system, it was not possible
to accurately determine whether the changes in cell
division were caused by the induction stimulus itself, or
indeed reflected authentic processes related to floral
transition. In contrast, in the current study, with our
morphology-driven synchronization approach we were
able to determine unambiguously that the cell cycle
related events are an integral part of the flowering
program.

Conclusions
This study provides a comprehensive high-resolution
characterization of gene expression during floral transition in Arabidopsis thaliana meristem. We found dramatic increase in number of differentially expressed
genes at the point when a vegetative meristem transitions into an inflorescence. Using analysis based on clustering of expression profiles we found coordinated
changes in expression of genes involved in cell cycle. We
hypothesize that at this point a subset of the meristematic cells experiences a forced exit from G0 and/or G1
and G2 shortening at day 10 and then an acceleration of
the cell cycle occurs at day 11, which may be linked to
meristem reorganization preceding activation of LFY.
We expect that further experiments will validate and
elucidate the mechanism underlying these events.
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Methods
Plant growth and sample preparation

A single A. thaliana plant (accession CS70000; Col-0)
was grown in conditions that prevented outcrossing.
One seed from a self-pollinated flower was selected and
the plant was grown to maturity, and this procedure was
repeated three times to increase the homozygosity. To
promote germination, seeds were stratified on 1/2 vermiculite:soil at 4 °C for 5 days. For SAM collection,
plants were grown in a climate chamber (POL-EKO
Aparatura, Poland) under a 16-h light/8-h dark cycle at
22 °C and 50 % relative humidity, using Philips Master
TL5 HO 54 W/840 lamps as the light source and a
27 cm distance from the lamps to the plants. To obtain
synchronized plants at different developmental stages,
plants were harvested using morphological markers for
7–16 day old plants. Hand-dissected SAMs were fixed in
RNAlater (Qiagen, Germany) in two biological replicates
with tissue from 15 individuals in each sample. Collection of material was conducted from 10 to 11 h after
dawn (Zeitgeber time (ZT) 10–11). Each meristem was
placed in RNAlater no more than 1.5 min after harvesting. The stages from 9–14 day old plants were collected
in two replicates for the second independent experiment
under the same conditions.
RNA extraction and sequencing

Total RNA extraction was performed using an RNeasy
Plant Kit (Qiagen, Germany) following the manufacturer’s protocol. Illumina cDNA libraries were constructed with the TruSeq RNA Sample Prep Kits v2
(Illumina, USA) following the manufacturer’s protocol
in 0.4 of the recommended volume due to the small
amounts of RNA in the samples. Sequencing of the
cDNA libraries was performed using an Illumina
HiSeq2000 with a 50 bp read length and a sequence
depth of 20 million uniquely mapped reads for the first
experiment and 15 million for the second experiment.
Sequence trimming, mapping and expression level
determination

Reads were trimmed using the CLC Genomics Workbench
6.5.1 with the parameters “quality scores - 0.005; trim ambiguous nucleotides – 2; remove 5’ terminal nucleotides –
1; remove 3’ terminal nucleotides – 1; discard reads below
length 25”. Trimmed reads were mapped using the RNAseq mapping algorithm implemented in CLC Genomics
Workbench to the reference A. thaliana genome (TAIR10)
allowing only unique mapping with a maximum of two
mismatches. For each gene, total gene reads (TGR) was determined as the sum of all reads mapped on this gene. To
avoid bias due to different library sizes, TGR values were
normalized by size factor as described in Anders and
Huber, 2010 [88].
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Identification of differentially expressed genes

Differentially expressed (DE) genes were identified for
each pair of consecutive stages using the R package
“DESeq” [88]. A false discovery rate (FDR) of 0.05 was
chosen as the threshold for DE gene detection.
Quantitative PCR

For verification of RNA-seq results, we performed qRTPCR analysis of the expression of four genes (LFY, FLC,
AP1, AG) that are markers of meristem development
stages. AT4G33380 and AT4G34270, two genes that were
found to be stable under wide range of tissues, developmental stages and conditions [89], were taken as reference. RNA was extracted as described above, cDNA was
synthesized using SuperScript II (Invitrogen). PCR was
performed using 2x KAPA SYBR FAST qPCR Master
Mix (Kapa Biosystems, South Africa) on Eco Real-Time
PCR (Illumina, USA) under following program: 95 °C –
5 min (1 cycle), 95 °C – 10 s, 60 °C – 30 s (45 cycles).
Gene expression levels were calculated using ddCt
method [90]. Primer sequences, as well as detailed results, are listed in the Additional file 10.
Gene ontology enrichment analysis

For each DE gene list, downregulated and upregulated
genes were annotated using Gene Ontology (GO) enrichment analysis. An enrichment analysis was also performed using key words and protein domain were
identified with the DAVID gene functional annotation
tool with an FDR value of 0.05 as the threshold of significance [43, 44].
Relative expression values

Normalization using the maximum value from the gene
clustering and expression profiles was performed. The
average for replicates normalized to TGR counts was divided by the maximum value of counts for each gene.
For construction of expression profiles from the second
experiment, which was compared to the profiles from
the first experiment, normalized TGR counts for samples M3N-M7N were normalized by the maximum value
together with samples M1, M2 and M8–M10.
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distances between genes. The distance matrix was treated
with the R function “as.dist” and a hierarchical tree was
constructed using the function “hclust” from the R
package “fastcluster” [92]. The resulting tree was cut
with the “cutreeDynamic” function from the R package “dynamicTreeCut” and minimum cluster size was
5 [93]. Due to the small number of genes in each
cluster, a GO enrichment analysis was not effective.
There were also many clusters with a similar expression profile that could be combined, so to reduce the
number of clusters a mean cluster profile was calculated for each cluster as a mean of the TGR count of
all the genes in a cluster for each stage. Mean cluster
profiles were clustered by k-means with k = 100, and
a matrix of distances between cluster profiles was defined with the same approach as for the genes. A
hierarchical tree was calculated based on this distance
matrix and cut with a minimum cluster size of 5. For
the resulting super-clusters, the mean super-cluster
profile was counted as similar to the mean TGR
count of all genes in a super-cluster at each stage.
To determine the overlap of gene or super-cluster expression profiles from the first and second experiment,
the measure of the distance for single profiles was defined
as the mean squared distance between each expression
value in the first and second experiment, thereby giving as
a measure of similarity a “1-measure of distance” value.
Scanning electron microscopy (SEM)

After fixation in 70 % ethanol, plants were transferred to
80 % ethanol for 15 min, 96 % ethanol for 15 min, ethanol:acetone (1:1) for 1 h and then acetone 3 times for
30 min. Imaging was carried out using two electron microscopes, CamScan 4S (CamScan, Cambridge, UK) and
JSM-6380 (JEOL, Tokyo, Japan), with an acceleration voltage of 15–20 kV. SEM images were treated and colored
using Adobe Photoshop.
Availability of supporting data

The Illumina sequence reads have been deposited into
NCBI Sequence Read Archive [project ID PRJNA268115].

Additional files
Clustering

Genes that were expressed in both replicates of at least
one sample at 5 or more normalized TGR counts were
selected for further analyses. These genes were clustered
using k-means, with k = 1500 and 1,000 repeats of the “kmeans” function using the R software package (package
“stats”) [91]. A table with 1,000 numbers of clusters for
each gene was produced and used to construct a matrix of
distances. For each pair of genes the term N was used to
designate the number of times these genes occurred in the
same cluster and 1,000-N was used as the measure of

Additional file 1: Statistics of RNA-seq, normalized total gene read
counts, correlations between samples and expressed genes lists.
Additional file 2: Statistics of differentially expressed genes
detection, list of DE genes and Gene Ontology enrichment for
each comparison.
Additional file 3: List of genes, mean expression profile and Gene
Ontology enrichment for superclusters.
Additional file 4: Lists of genes and their expression profiles for
genes related to cytoskeleton.
Additional file 5: Lists of genes and their expression profiles for
genes related to histones.

Klepikova et al. BMC Genomics (2015) 16:466

Page 13 of 15

Additional file 6: Lists of genes and their expression profiles for
genes related to DNA polymerases.

5.

Additional file 7: Lists of genes and their expression profiles for
genes related to RNA polymerases.

6.

Additional file 8: Lists of genes and their expression profiles for
genes related to cell cycle.
Additional file 9: Statistics of RNA-seq, normalized total gene read
counts, correlations between samples, list of DE genes and Gene
Ontology enrichment for comparison between each sample, mean
expression profile for superclusters and expression profiles of gene
groups for second experiment.
Additional file 10: Description of qRT-PCR results and technical
details of the assay.

Abbreviations
GO: Gene Ontology; SD: Short Day; LD: Long Day; SAM: Shoot Apical
Meristem; IM: Inflorescence meristem; VM: Vegetative meristem; RNA-seq: RNA
sequencing; DE: Differentially expressed; ADF: Actin depolymerizing factor;
CDK: Cyclin-dependent kinase.
Competing interests
Authors declare that they have no competing interests.

7.

8.

9.
10.

11.
12.

13.

14.
Authors' contributions
AVK collected plant material, made photos, carried out majority of computational
analysis and participated in writing, MDL participated in the design and
coordination of the study and contributed to sequencing and manuscript
preparation, SED participated in interpretation of results and writing, AAP
conceived and coordinated the study, constructed transcriptome libraries,
designed pictures, participated in sequencing and computational analysis.
All authors read and approved the final manuscript.

15.

16.

17.
Acknowledgments
The authors are grateful to Dmitry D Sokoloff for help with preparation of material
for SEM, to Alexey S Kondrashov for providing access to high-throughput
sequencing facilities (under the project №11.G34.31.0008). Preliminary results
have been obtained using support from the Russian Foundation for Basic
Research grant №12-04-33032, sequencing and final results have been obtained
under Russian Science Foundation grant project №14-50-00150. Plant growing
and morphological analysis was performed using facilities of Lomonosov
Moscow State University, Department of Genetics. SEM was performed at the
Laboratory of Electron Microscopy of Lomonosov Moscow State University
Biological Faculty. We thank PlantScribe (http://www.plantscribe.com/) for
editing this manuscript.

18.
19.

20.
21.
22.

Author details
1
Institute for Information Transmission Problems of the Russian Academy of
Sciences, Moscow 127051, Russia. 2A. N. Belozersky Institute of
Physico-Chemical Biology, Lomonosov Moscow State University, Moscow
119991, Russia. 3Pirogov Russian National Research Medical University,
117997 Moscow, Russia. 4Engelhardt Institute of Molecular Biology, Russian
Academy of Sciences, Moscow 119991, Russia. 5Department of Genetics,
Faculty of Biology, Lomonosov Moscow State University, Moscow 119991,
Russia.

23.
24.
25.

26.
Received: 12 January 2015 Accepted: 5 June 2015
27.
References
1. Casal JJ, Fankhauser C, Coupland G, Blázquez MA. Signalling for
developmental plasticity. Trends Plant Sci. 2004;9:309–14.
2. Amasino R. Seasonal and developmental timing of flowering. Plant J Cell
Mol Biol. 2010;61:1001–13.
3. Greenup A, Peacock WJ, Dennis ES, Trevaskis B. The molecular biology of
seasonal flowering-responses in Arabidopsis and the cereals. Ann Bot.
2009;103:1165–72.
4. Kim D-H, Doyle MR, Sung S, Amasino RM. Vernalization: winter and the
timing of flowering in plants. Annu Rev Cell Dev Biol. 2009;25:277–99.

28.

29.

30.

Shrestha R, Gómez-Ariza J, Brambilla V, Fornara F: Molecular control of
seasonal flowering in rice, Arabidopsis and temperate cereals. Ann Bot
2014;114(7):1445–58.
Giakountis A, Cremer F, Sim S, Reymond M, Schmitt J, Coupland G. Distinct
Patterns of Genetic Variation Alter Flowering Responses of Arabidopsis
Accessions to Different Daylengths. Plant Physiol. 2010;152:177–91.
Turck F, Fornara F, Coupland G. Regulation and identity of florigen:
FLOWERING LOCUS T moves center stage. Annu Rev Plant Biol.
2008;59:573–94.
Koornneef M, Hanhart CJ, van der Veen JH. A genetic and physiological
analysis of late flowering mutants in Arabidopsis thaliana. Mol Gen Genet
MGG. 1991;229:57–66.
Kobayashi Y, Weigel D. Move on up, it’s time for change–mobile signals
controlling photoperiod-dependent flowering. Genes Dev. 2007;21:2371–84.
Suárez-López P, Wheatley K, Robson F, Onouchi H, Valverde F, Coupland G.
CONSTANS mediates between the circadian clock and the control of
flowering in Arabidopsis. Nature. 2001;410:1116–20.
Mk C. New facts in support of the hormonal theory of plant development.
Compt Rend Acad Sci URSS. 1936;13:79–83.
Samach A, Onouchi H, Gold SE, Ditta GS, Schwarz-Sommer Z, Yanofsky MF,
et al. Distinct roles of CONSTANS target genes in reproductive development
of Arabidopsis. Science. 2000;288:1613–6.
Abe M, Kobayashi Y, Yamamoto S, Daimon Y, Yamaguchi A, Ikeda Y, et al.
FD, a bZIP protein mediating signals from the floral pathway integrator FT
at the shoot apex. Science. 2005;309:1052–6.
Wigge PA, Kim MC, Jaeger KE, Busch W, Schmid M, Lohmann JU, et al.
Integration of spatial and temporal information during floral induction in
Arabidopsis. Science. 2005;309:1056–9.
Borner R, Kampmann G, Chandler J, Gleissner R, Wisman E, Apel K, et al. A
MADS domain gene involved in the transition to flowering in Arabidopsis.
Plant J Cell Mol Biol. 2000;24:591–9.
Lee H, Suh SS, Park E, Cho E, Ahn JH, Kim SG, et al. The AGAMOUS-LIKE 20
MADS domain protein integrates floral inductive pathways in Arabidopsis.
Genes Dev. 2000;14:2366–76.
Searle I, He Y, Turck F, Vincent C, Fornara F, Kröber S, et al. The transcription
factor FLC confers a flowering response to vernalization by repressing
meristem competence and systemic signaling in Arabidopsis. Genes Dev.
2006;20:898–912.
Blázquez MA, Soowal LN, Lee I, Weigel D. LEAFY expression and flower
initiation in Arabidopsis. Dev Camb Engl. 1997;124:3835–44.
Hempel FD, Weigel D, Mandel MA, Ditta G, Zambryski PC, Feldman LJ, et al.
Floral determination and expression of floral regulatory genes in
Arabidopsis. Dev Camb Engl. 1997;124:3845–53.
Busch MA, Bomblies K, Weigel D. Activation of a floral homeotic gene in
Arabidopsis. Science. 1999;285:585–7.
Kempin SA, Savidge B, Yanofsky MF. Molecular basis of the cauliflower
phenotype in Arabidopsis. Science. 1995;267:522–5.
Mandel MA, Gustafson-Brown C, Savidge B, Yanofsky MF. Molecular
characterization of the Arabidopsis floral homeotic gene APETALA1. Nature.
1992;360:273–7.
Ng M, Yanofsky MF. Activation of the Arabidopsis B class homeotic genes
by APETALA1. Plant Cell. 2001;13:739–53.
Michaels SD, Amasino RM. FLOWERING LOCUS C encodes a novel MADS domain
protein that acts as a repressor of flowering. Plant Cell. 1999;11:949–56.
De Lucia F, Crevillen P, Jones AME, Greb T, Dean C. A PHD-polycomb repressive
complex 2 triggers the epigenetic silencing of FLC during vernalization. Proc
Natl Acad Sci U S A. 2008;105:16831–6.
Sung S, Amasino RM. Vernalization in Arabidopsis thaliana is mediated by
the PHD finger protein VIN3. Nature. 2004;427:159–64.
Noh B, Lee S-H, Kim H-J, Yi G, Shin E-A, Lee M, et al. Divergent roles of a pair
of homologous jumonji/zinc-finger-class transcription factor proteins in the
regulation of Arabidopsis flowering time. Plant Cell. 2004;16:2601–13.
Simpson GG. The autonomous pathway: epigenetic and post-transcriptional
gene regulation in the control of Arabidopsis flowering time. Curr Opin
Plant Biol. 2004;7:570–4.
Schmid M, Uhlenhaut NH, Godard F, Demar M, Bressan R, Weigel D, et al.
Dissection of floral induction pathways using global expression analysis.
Dev Camb Engl. 2003;130:6001–12.
Hartmann U, Höhmann S, Nettesheim K, Wisman E, Saedler H, Huijser P.
Molecular cloning of SVP: a negative regulator of the floral transition in
Arabidopsis. Plant J Cell Mol Biol. 2000;21:351–60.

Klepikova et al. BMC Genomics (2015) 16:466

31. Mantegazza O, Gregis V, Chiara M, Selva C, Leo G, Horner DS, et al. Gene
coexpression patterns during early development of the native Arabidopsis
reproductive meristem: novel candidate developmental regulators and
patterns of functional redundancy. Plant J Cell Mol Biol. 2014;79:861–77.
32. Filichkin SA, Priest HD, Givan SA, Shen R, Bryant DW, Fox SE, et al. Genome-wide
mapping of alternative splicing in Arabidopsis thaliana. Genome Res.
2010;20:45–58.
33. Jiao Y, Tausta SL, Gandotra N, Sun N, Liu T, Clay NK, et al. A transcriptome
atlas of rice cell types uncovers cellular, functional and developmental
hierarchies. Nat Genet. 2009;41:258–63.
34. Kang C, Darwish O, Geretz A, Shahan R, Alkharouf N, Liu Z. Genome-scale
transcriptomic insights into early-stage fruit development in woodland
strawberry Fragaria vesca. Plant Cell. 2013;25:1960–78.
35. Li P, Ponnala L, Gandotra N, Wang L, Si Y, Tausta SL, et al. The developmental
dynamics of the maize leaf transcriptome. Nat Genet. 2010;42:1060–7.
36. Severin AJ, Woody JL, Bolon Y-T, Joseph B, Diers BW, Farmer AD, et al.
RNA-Seq Atlas of Glycine max: a guide to the soybean transcriptome.
BMC Plant Biol. 2010;10:160.
37. Torti S, Fornara F, Vincent C, Andrés F, Nordström K, Göbel U, et al. Analysis
of the Arabidopsis shoot meristem transcriptome during floral transition
identifies distinct regulatory patterns and a leucine-rich repeat protein that
promotes flowering. Plant Cell. 2012;24:444–62.
38. Smyth DR, Bowman JL, Meyerowitz EM. Early flower development in
Arabidopsis. Plant Cell. 1990;2:755–67.
39. Cardon GH, Höhmann S, Nettesheim K, Saedler H, Huijser P. Functional analysis
of the Arabidopsis thaliana SBP-box gene SPL3: a novel gene involved in the
floral transition. Plant J Cell Mol Biol. 1997;12:367–77.
40. Schwarz S, Grande AV, Bujdoso N, Saedler H, Huijser P. The microRNA
regulated SBP-box genes SPL9 and SPL15 control shoot maturation in
Arabidopsis. Plant Mol Biol. 2008;67:183–95.
41. Wang J-W, Czech B, Weigel D. miR156-regulated SPL transcription factors
define an endogenous flowering pathway in Arabidopsis thaliana. Cell.
2009;138:738–49.
42. Yamaguchi A, Wu M-F, Yang L, Wu G, Poethig RS, Wagner D. The
microRNA-regulated SBP-Box transcription factor SPL3 is a direct upstream
activator of LEAFY, FRUITFULL, and APETALA1. Dev Cell. 2009;17:268–78.
43. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc. 2009;4:44–57.
44. Huang DW, Sherman BT, Lempicki RA. Bioinformatics enrichment tools:
paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res. 2009;37:1–13.
45. Bamburg JR. Proteins of the ADF/cofilin family: essential regulators of actin
dynamics. Annu Rev Cell Dev Biol. 1999;15:185–230.
46. Ghosh M, Song X, Mouneimne G, Sidani M, Lawrence DS, Condeelis JS.
Cofilin promotes actin polymerization and defines the direction of cell
motility. Science. 2004;304:743–6.
47. Feng Y, Liu Q, Xue Q. Comparative study of rice and Arabidopsis actindepolymerizing factors gene families. J Plant Physiol. 2006;163:69–79.
48. Ruzicka DR, Kandasamy MK, McKinney EC, Burgos-Rivera B, Meagher RB. The
ancient subclasses of Arabidopsis Actin Depolymerizing Factor genes exhibit
novel and differential expression. Plant J Cell Mol Biol. 2007;52:460–72.
49. Huang S, Robinson RC, Gao LY, Matsumoto T, Brunet A, Blanchoin L, et al.
Arabidopsis VILLIN1 generates actin filament cables that are resistant to
depolymerization. Plant Cell. 2005;17:486–501.
50. Khurana P, Henty JL, Huang S, Staiger AM, Blanchoin L, Staiger CJ.
Arabidopsis VILLIN1 and VILLIN3 have overlapping and distinct activities in
actin bundle formation and turnover. Plant Cell. 2010;22:2727–48.
51. Wu Y, Yan J, Zhang R, Qu X, Ren S, Chen N, et al. Arabidopsis FIMBRIN5, an
actin bundling factor, is required for pollen germination and pollen tube
growth. Plant Cell. 2010;22:3745–63.
52. Avisar D, Prokhnevsky AI, Makarova KS, Koonin EV, Dolja VV. Myosin XI-K Is
required for rapid trafficking of Golgi stacks, peroxisomes, and mitochondria
in leaf cells of Nicotiana benthamiana. Plant Physiol. 2008;146:1098–108.
53. Natesan SKA, Sullivan JA, Gray JC. Myosin XI is required for actin-associated
movement of plastid stromules. Mol Plant. 2009;2:1262–72.
54. Peremyslov VV, Prokhnevsky AI, Avisar D, Dolja VV. Two class XI myosins
function in organelle trafficking and root hair development in Arabidopsis.
Plant Physiol. 2008;146:1109–16.
55. Prokhnevsky AI, Peremyslov VV, Dolja VV. Overlapping functions of the four
class XI myosins in Arabidopsis growth, root hair elongation, and organelle
motility. Proc Natl Acad Sci U S A. 2008;105:19744–9.

Page 14 of 15

56. Sparkes IA, Teanby NA, Hawes C. Truncated myosin XI tail fusions
inhibit peroxisome, Golgi, and mitochondrial movement in tobacco leaf
epidermal cells: a genetic tool for the next generation. J Exp Bot.
2008;59:2499–512.
57. Tominaga M, Kojima H, Yokota E, Orii H, Nakamori R, Katayama E, et al.
Higher plant myosin XI moves processively on actin with 35 nm steps at
high velocity. EMBO J. 2003;22:1263–72.
58. Breyne P, Dreesen R, Vandepoele K, De Veylder L, Van Breusegem F,
Callewaert L, et al. Transcriptome analysis during cell division in plants.
Proc Natl Acad Sci U S A. 2002;99:14825–30.
59. Menges M, Murray JAH. Synchronous Arabidopsis suspension cultures for
analysis of cell-cycle gene activity. Plant J Cell Mol Biol. 2002;30:203–12.
60. Menges M, de Jager SM, Gruissem W, Murray JAH. Global analysis of the
core cell cycle regulators of Arabidopsis identifies novel genes, reveals
multiple and highly specific profiles of expression and provides a coherent
model for plant cell cycle control. Plant J Cell Mol Biol. 2005;41:546–66.
61. Taoka K, Kaya H, Nakayama T, Araki T, Meshi T, Iwabuchi M. Identification of
three kinds of mutually related composite elements conferring S phasespecific transcriptional activation. Plant J Cell Mol Biol. 1999;18:611–23.
62. Cho RJ, Huang M, Campbell MJ, Dong H, Steinmetz L, Sapinoso L, et al.
Transcriptional regulation and function during the human cell cycle. Nat
Genet. 2001;27:48–54.
63. Spellman PT, Sherlock G, Zhang MQ, Iyer VR, Anders K, Eisen MB, et al.
Comprehensive identification of cell cycle-regulated genes of the yeast
Saccharomyces cerevisiae by microarray hybridization. Mol Biol Cell.
1998;9:3273–97.
64. Chaubet N, Clément B, Philipps G, Gigot C. Organ-specific expression of
different histone H3 and H4 gene subfamilies in developing and adult
maize. Plant Mol Biol. 1991;17:935–40.
65. Muskhelishvili L, Latendresse JR, Kodell RL, Henderson EB. Evaluation of cell
proliferation in rat tissues with BrdU, PCNA, Ki-67(MIB-5) immunohistochemistry
and in situ hybridization for histone mRNA. J Histochem Cytochem Off J
Histochem Soc. 2003;51:1681–8.
66. Menges M, Hennig L, Gruissem W, Murray JAH. Cell cycle-regulated gene
expression in Arabidopsis. J Biol Chem. 2002;277:41987–2002.
67. Whitfield ML, Sherlock G, Saldanha AJ, Murray JI, Ball CA, Alexander KE, et al.
Identification of genes periodically expressed in the human cell cycle and
their expression in tumors. Mol Biol Cell. 2002;13:1977–2000.
68. Teichmanová M, Masková P, Vojvodová P, Krekule J, Francis D, Lipavská H.
The fission yeast mitotic activator cdc25 and sucrose induce early flowering
synergistically in the day-neutral Nicotiana tabacum cv. Samsun New Phytol.
2007;176:804–12.
69. Van Leene J, Hollunder J, Eeckhout D, Persiau G, Van De Slijke E, Stals H,
et al. Targeted interactomics reveals a complex core cell cycle machinery in
Arabidopsis thaliana. Mol Syst Biol. 2010;6:397.
70. Gegas VC, Doonan JH. Expression of cell cycle genes in shoot apical meristems.
Plant Mol Biol. 2006;60:947–61.
71. Larkin JC, Hunsperger JP, Culley D, Rubenstein I, Silflow CD. The organization
and expression of a maize ribosomal protein gene family. Genes Dev.
1989;3:500–9.
72. Lebrun M, Freyssinet G. Nucleotide sequence and characterization of a
maize cytoplasmic ribosomal protein S11 cDNA. Plant Mol Biol. 1991;17:265–8.
73. Wang G, Kong H, Sun Y, Zhang X, Zhang W, Altman N, et al. Genomewide analysis of the cyclin family in Arabidopsis and comparative
phylogenetic analysis of plant cyclin-like proteins. Plant Physiol.
2004;135:1084–99.
74. Takahashi I, Kojima S, Sakaguchi N, Umeda-Hara C, Umeda M. Two Arabidopsis
cyclin A3s possess G1 cyclin-like features. Plant Cell Rep. 2010;29:307–15.
75. Ito M. Conservation and diversification of three-repeat Myb transcription
factors in plants. J Plant Res. 2005;118:61–9.
76. Bernier G. My favourite flowering image: the role of cytokinin as a flowering
signal. J Exp Bot. 2013;64:5795–9.
77. Francis D. The cell cycle in plant development. New Phytol. 1992;122:1–20.
78. Gonthier R, Jacqmard A, Bernier G. Changes in cell-cycle duration and
growth fraction in the shoot meristem of Sinapis during floral transition.
Planta. 1987;170:55–9.
79. Jacqmard A, Gadisseur I, Bernier G. Cell division and morphological changes in
the shoot apex of Arabidopsis thaliana during floral transition. Ann Bot.
2003;91:571–6.
80. Bodson M. Variation in the rate of cell division in the apical meristem of
Sinapis alba during transition to flowering. Ann Bot. 1975;39:547–54.

Klepikova et al. BMC Genomics (2015) 16:466

Page 15 of 15

81. Marc J, Palmer H. Variation in cell-cycle time and nuclear DNA content in
the apical meristem ofHelianthus annum L. during the transition to flowering.
Am J Bot. 1984;7:588–95.
82. Miller MB, Lyndon RF. The cell cycle in vegetative and floral shoot meristems
measured by a double labelling technique. Planta. 1975;126:37–43.
83. Francis D, Lyndon RF. Synchronisation of cell division in the shoot apex of
Silene in relation to flower initiation. Planta. 1979;145:151–7.
84. Jacqmard A, Houssa C. DNA fiber replication during a morphogenetic
switch in the shoot meristematic cells of a higher plant. Exp Cell Res.
1988;179:454–61.
85. Durdan SF, Herbert RJ, Francis D. Activation of latent origins of DNA
replication in florally determined shoot meristems of long-day and shortday plants: Silene coeli-rosa and Pharbitis nil. Planta. 1998;207:235–40.
86. Nougarède A, Francis D, Rondet P. Location of cell cycle changes in relation
to morphological changes in the shoot apex ofSilene coeli-rosa immediately
before sepal initiation. Protoplasma. 1991;165:1–10.
87. Grose S, Lyndon RF. Inhibition of growth and synchronised cell division in
the shoot apex in relation to flowering in Silene. Planta. 1984;161:289–94.
88. Anders S, Huber W. Differential expression analysis for sequence count data.
Genome Biol. 2010;11:R106.
89. Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible W-R. Genome-wide
identification and testing of superior reference genes for transcript
normalization in Arabidopsis. Plant Physiol. 2005;139:5–17.
90. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
San Diego Calif. 2001;25:402–8.
91. R Core Team: R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,
http://www.R-project.org/ 2013.
92. Müllner D. Fastcluster: Fast Hierarchical, Agglomerative Clustering Routines
for R and Python. J Stat Softw. 2013;53:1–18.
93. Langfelder P, Zhang B, Horvath S. Defining clusters from a hierarchical
cluster tree: the Dynamic Tree Cut package for R. Bioinforma Oxf Engl.
2008;24:719–20.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

