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Summary 

Visualization of the spatiotemporal pattern of cell division is crucial to understanding 

how multicellular organisms develop and how they modify their growth in response to 

varying environmental conditions. The mitotic cell cycle consists of four phases: S 

(DNA replication), M (mitosis and cytokinesis), and the intervening G1 and G2 phases; 

however, only G2/M-specific markers are currently available in plants, making it 

difficult to measure cell cycle duration and to analyze changes in cell cycle progression 

in living tissues. Here, we developed another cell cycle marker that labels S-phase cells 

by manipulating Arabidopsis CDT1a, which functions in DNA replication origin 

licensing. Truncations of the CDT1a coding sequence revealed that its carboxy-terminal 

region is responsible for proteasome-mediated degradation at late G2 or in early mitosis. 

We therefore expressed this region as an RFP fusion protein under the S-specific 

promoter of a histone 3.1-type gene, HISTONE THREE RELATED2 (HTR2), to 

generate an S/G2 marker. Combining this marker with the G2/M-specific CYCB1-GFP 

marker enabled us to visualize both S-to-G2 and G2-to-M cell cycle stages, and thus 

yielded an essential tool for time-lapse imaging of cell cycle progression. The resultant 

dual-color marker system, Cell-Cycle Tracking in Plant Cells (Cytrap), also allowed us 

to identify root cells in the last mitotic cell cycle before they entered the endocycle. Our 

results demonstrate that Cytrap is a powerful tool for in vivo monitoring of the plant cell 

cycle, and thus for deepening our understanding of cell cycle regulation in particular cell 

types during organ development.
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Introduction 

Monitoring the cell cycle in living tissues is a precise and direct way to understand how 

cell division is controlled in multicellular organisms. To visualize cell cycle progression 

in living cells, it is essential to develop appropriate markers by fusing fluorescent 

proteins to particular proteins that display cell cycle phase-specific accumulation. For 

example, the cell cycle marker ‘Fucci’ was developed in mouse, human and zebrafish, 

and is widely used in diverse research areas including studies on organ formation, 

cancer cell trafficking and embryogenesis (Sakaue-Sawano et al., 2008; Sugiyama et al., 

2009). In the Fucci marker, S/G2/M-specific Geminin and G1/S-specific Cdt1 

sequences are fused to green and red fluorescent proteins (GFP and RFP), respectively 

(Sakaue-Sawano et al., 2008; Sugiyama et al., 2009). This dual marker system makes it 

possible to identify the duration of the cell cycle and phase-specific changes in cell 

cycle progression. However, in plants, only G2/M-specific marker genes are currently 

available; examples include GUS- or GFP-fused B1-type cyclins (CYCB1;1 and 

CYCB1;2) and plant-specific B2-type cyclin-dependent kinase (CDKB2) 

(Colon-Carmona et al., 1999; Ubeda-Tomás et al., 2009; Adachi et al., 2006; Iwata et 

al., 2011). Thus, the development of at least one more marker that visualizes cell cycle 

stage(s) other than G2/M is prerequisite for monitoring cell cycle progression in living 

plant tissues.  

In Arabidopsis, several genes whose transcripts are elevated in G1 and/or S 

phase have been identified, such as those encoding D-type cyclins and histones (Menges 

et al., 2005; Okada et al., 2005; Dewitte et al., 2007; Takahashi et al., 2010). However, 
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their products are not targeted for cell cycle phase-specific proteolysis, and therefore 

persist after transcription ceases (Fang and Spector, 2005; Boudolf et al., 2009). This 

renders these genes unsuitable as G1/S- or S-phase markers, which need to display 

apparent switching on and off in each round of the cell cycle. Eukaryotic Cdt1 is an 

essential loading factor that enables the MCM helicase to associate with and activate 

DNA replication origins (for reviews, see Blow and Dutta, 2005; Machida and Dutta, 

2005). For each round of DNA replication, the MCM helicase is released from DNA to 

avoid a second round of replication; thus, Cdt1 is tightly controlled during the cell cycle 

by being exported from the nucleus in budding yeast or by phase-specific proteolysis in 

other eukaryotes (Nishitani et al., 2000; Nishitani et al., 2001; Tanaka and Diffley, 

2002). Such cell cycle-dependent regulation of protein accumulation made Cdt1 a 

successful G1/S-phase reporter in the Fucci marker (Sakaue-Sawano et al., 2008; 

Sugiyama et al., 2009). In Arabidopsis, two homologous genes, CDT1a and CDT1b, 

have been identified (Masuda et al., 2004). The cdt1a mutant shows a partially 

gametophytic-lethal phenotype, and this lethality is enhanced when cdt1a is combined 

with the cdt1b mutation (Domenichini et al., 2012); silencing of both CDT1a and 

CDT1b inhibited nuclear DNA replication and plastid division (Raynaud et al., 2005). 

Ectopic expression of CDT1a enhanced endoreplication, indicating another function in 

DNA polyploidization (Castellano et al., 2004). CDT1a expression is regulated by the 

transcription factor E2F, and the mRNA level decreases when plants are exposed to 

dehydration or abscisic acid treatment (Castellano et al., 2004). Furthermore, its protein 

level is controlled by proteasomal degradation, which is triggered by CDK 
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phosphorylation (Castellano et al., 2004). Collectively, these properties suggest that 

CDT1a would be an effective S-phase marker.  

In this study, we tested whether Arabidopsis CDT1a could be exploited to 

generate a new cell cycle marker. We found that the C-terminal region of CDT1a is 

necessary and sufficient to promote proteolysis at late G2 or in early mitosis. An RFP 

fusion protein including this region of CDT1a and expressed under the histone 3.1-type 

gene promoter accumulated from S to G2, and we therefore combined it with the 

G2/M-specific CYCB1;1-GFP reporter. The resultant dual-color marker system was 

useful for time-lapse imaging of the cell cycle in the root meristem.  

 

Results  

Proteasomal degradation controls CDT1a accumulation during the cell cycle 

To determine whether Arabidopsis CDT1a would be a suitable S-phase marker, we first 

examined accumulation of ß-glucuronidase (GUS)-fused CDT1a in seedlings. When a 

genomic fragment containing the 1.9-kb promoter and 2.5-kb protein-coding region was 

fused to the GUS gene (pCDT1a::CDT1a-GUS; Figure 2a), we observed patchy patterns 

of signals in proliferating tissues such as the root meristem, young leaves and emerging 

lateral roots (Figure 1a-c,e and Figure 2b). The GUS signal was also detected in 

endoreplicating tissues, such as trichomes and the elongation/differentiation zone (EDZ) 

of roots (Figure 1d and Figure 2b) (Takatsuka and Umeda, 2014). Notably, the number 

of GUS spots was lower in actively dividing cells in the root meristem than in 

endoreplicating cells in the EDZ (Figure 2b). When the promoter region alone was 
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fused to GUS (pCDT1a::GUS; Figure 2a), it yielded a uniform expression pattern as 

reported previously (Castellano et al., 2004) (Figure 1f-j and Figure 2c). These results 

suggest that post-transcriptional regulation is involved in the control of CDT1a protein 

accumulation.  

To test the involvement of proteasome-mediated protein degradation, we 

treated the reporter lines with carbobenzoxylleucinyl-leucinyl-leucinal-H (MG132), an 

effective proteasome inhibitor in both animals and plants (Rock et al., 1994; Genschik 

et al., 1998). When pCDT1a::CDT1a-GUS seedlings were grown in the presence of 

MG132 for 4 h, GUS-positive cells in the root tip became more numerous, and the 

signals more intense, than in the DMSO-treated control (Figure 3b). pCDT1a::GUS lines 

showed no such increase in GUS signals (Figure 3a). This experiment indicates that 

CDT1a level is under the control of proteasomal degradation, and that this regulation is 

required for cell cycle stage-specific accumulation and destruction, which is manifested 

in the patchy pattern of GUS signals.  

 

The carboxy-terminal half of CDT1a is sufficient for proteasome-dependent 

proteolysis 

A previous study showed that ectopic expression of CDT1a in Arabidopsis caused 

various abnormal phenotypes, such as increased DNA ploidy, more trichome branches 

and higher stomatal density (Castellano et al., 2004). To eliminate the potential for 

exhibiting such undesirable phenotypes from the cell cycle marker, we tested a series of 

reporter genes with truncations in the coding region. CDT1a contains copies of two 
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hallmarks of protein degradation (Figure 2a). One is three minimal destruction boxes 

(D-boxes; RxxL), at amino acid positions 220, 396 and 555 from the start codon, which 

are required for ubiquitination by an E3 ligase, anaphase-promoting complex/cyclosome 

(APC/C) (Glotzer et al., 1991; for a review, see King et al., 1996). The other one is two 

PEST motifs, at amino acid positions 380 and 411, which are rich in proline, glutamic 

acid, serine and threonine residues (for a review, see Rechsteiner and Rogers, 1996). 

We also found three cyclin-binding motifs (Cy motifs), at amino acid positions 176, 372 

and 397, which are required for phosphorylation by CDK, and in some cases, for 

subsequent degradation via the E3 ubiquitin ligase SCFSkp2 (Nishitani et al., 2006; 

Sugimoto et al., 2004). Since most of these motifs are located in the carboxy 

(C)-terminal half of CDT1a (Figure 2a), we focused on this region for testing the 

suitability of CDT1a as a cell cycle marker.  

When this C-terminal region of amino acid positions 285-571 (corresponding 

to nucleotide positions 1344-2505 from the start codon) was fused to GUS, we observed 

a patchy pattern of signals localized mainly in the root meristem (Figure 2a,d; 

pCDT1a::CDT1a (C1)-GUS). However, a further deletion of amino acid positions 

456-571 (nucleotide positions 1983-2505) made the GUS signal weaker and fuzzy, 

probably due to a partial loss of regulatory sequences required for cell cycle 

stage-specific degradation (Figure 2a,e; pCDT1a::CDT1a (C2)-GUS). We then tested 

the region of amino acid positions 363-571 (nucleotide positions 1578-2505), and found 

that this reporter exhibited stronger signals in the meristem and in the distal region of the 

EDZ (Figure 2a,f; pCDT1a::CDT1a (C3)-GUS). Since pCDT1a::CDT1a (C1)-GUS and 
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pCDT1a::CDT1a (C3)-GUS showed a clear patchy signal pattern, we examined whether 

protein accumulation is enhanced by MG132 treatment. As expected, both GUS fusion 

proteins accumulated to high levels when the reporter lines were grown in the presence 

of 50 µM MG132 for 4 h (Figure 3c,d). These results indicate that GUS-fused CDT1a 

(C1) and CDT1a (C3) retain the capacity to be degraded via the ubiquitin-proteasome 

pathway in a cell cycle stage- specific manner. As mentioned above, full-length CDT1a 

accumulated to a lesser extent in the meristem than in the EDZ; however, we observed 

more intense GUS signals in the meristem expressing CDT1a (C1)-GUS or CDT1a 

(C3)-GUS than in that expressing full-length CDT1a (Figure 2b,d,f). This suggests that 

the regulatory element restraining higher CDT1a accumulation in actively dividing cells 

resides in the N-terminal half, and is missing in CDT1a (C1) and CDT1a (C3).  

 

CDT1a (C3) is not functional in yeast and plant cells 

We then examined whether the truncated CDT1a proteins retain their function in DNA 

replication. The temperature-sensitive cdt1 mutant of Saccharomyces cerevisiae, cdt1-td, 

can grow at 24°C, but not at 37°C (Tanaka and Diffley, 2002; Figure 4a). When yeast 

Cdt1 or the full-length cDNA of Arabidopsis CDT1a was expressed in cdt1-td using the 

galactose/tetracycline-inducible gene expression system (Belli et al., 1998), the 

temperature sensitivity was fully suppressed (Figure 4a). In contrast, cDNAs encoding 

CDT1a (C1) or CDT1a (C3) displayed only weak or no complementation activity 

(Figure 4a), suggesting that these truncated proteins lack the full-length CDT1a function 

that depends on the central domain, which is required for the interaction with MCM 
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proteins (Yanagi et al., 2002).  

Since CDT1a overexpression is known to increase the nuclear DNA content in 

plants (Castellano et al., 2004), we measured the DNA ploidy in leaves expressing 

CDT1a (C3). In the wild-type, young leaves mainly possess 2C and 4C nuclei, and 

higher DNA ploidy (8C and 16C) appears during maturation (Figure 4b) (Galbraith et 

al., 1991). The profiles observed in leaves expressing CDT1a (C3)-GUS were similar to 

those in the wild-type (Figure 4b), whereas Castellano et al. (2004) reported that the 

proportion of 8C and 16C nuclei was significantly higher in plants overexpressing 

full-length CDT1a than in the wild-type. In summary, CDT1a (C3) exhibited stronger 

GUS expression than CDT1a (C1) (Figure 2d,f), and was non-functional in yeast and 

probably also in plant cells (Figure 4a,b); thus, we hereafter focused on CDT1a (C3) to 

generate a cell cycle marker. Similar to the full-length version (pCDT1a::CDT1a-GUS), 

pCDT1a::CDT1a (C3)-GUS exhibited GUS expression in proliferating tissues, such as 

shoot and root meristems, expanding young leaves and emerging lateral roots (Figure 

S1). 

 

CDT1a promoter-driven CDT1a (C3) marks the S-to-G2 phase in tobacco BY-2 

cells 

Next, to determine the cell cycle stage at which the CDT1a (C3)-GUS fusion protein 

accumulates, we introduced pCDT1a::CDT1a (C3)-GUS into cultured tobacco Bright 

Yellow-2 (BY-2) cells. Transformed cells were synchronized with aphidicolin at early S 

phase (Breyne et al., 2002), and cell cycle progression was monitored after aphidicolin 
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release by measuring the mitotic index and DNA content using a flow cytometer. Our 

measurement of GUS activity showed that the peak of CDT1a (C3)-GUS accumulation 

correlated well with that of S-phase cells (Figure 5a,b). However, synchronization by 

aphidicolin does not give a high percentage of S-phase cells in the second round of the 

cell cycle due to incomplete synchrony of the cell culture (Figure 5b); therefore, to 

precisely define the cell cycle stage at which CDT1a (C3)-GUS accumulates, we 

conducted a two-step synchronization with aphidicolin and propyzamide, which permits 

synchronous progression from M (prometaphase) after release from the propyzamide 

block (Nagata et al., 1992). The GUS activity started to increase 6 h after propyzamide 

release, when the number of S-phase cells also began to increase (Figure 5c,d). This 

suggests that the CDT1a promoter functions from the beginning of the S phase. A 

reduction of GUS activity and S-phase cell number began to occur between 10 and 11 h, 

but the initial decline in GUS activity was less sharp than that of S-phase cell number 

(Figure 5c,d). This indicates that CDT1a (C3)-GUS continues to accumulate when the 

cells exit the S phase.  

 

The HTR2 promoter increases the fluorescence intensity of the S/G2 marker  

To develop an effective time-lapse imaging marker, we replaced GUS with GFP to 

generate pCDT1a::CDT1a (C3)-GFP. As shown in Figure 6a, it exhibited a patchy 

pattern of GFP signals in the root tip, but the fluorescence intensity was very weak. The 

GFP marker carrying the full-length CDT1a cDNA also showed very faint signals 

(pCDT1a::CDT1a-GFP; Figure 6b), suggesting that the CDT1a promoter exerts 
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relatively low transcription activity in planta. These results prompted us to test the 

promoter of histone H3.1-type gene HISTONE THREE RELATED2 (HTR2) 

(At1g09200), which shows S phase-specific expression with a higher transcript level in 

young organs (Okada et al., 2005). We found that pHTR2::HTR2-GFP displayed higher 

GFP fluorescence than pCDT1a::CDT1a-GFP (Figure 6b,c). However, the GFP signal 

was visible in mitotic cells with segregating daughter chromosomes (Figure 6c, inset), 

indicating that HTR2-GFP accumulation persists into M phase. We then replaced the 

coding region of HTR2 with CDT1a (C3) to trigger active protein degradation. The 

resultant pHTR2::CDT1a (C3)-GFP marker showed markedly higher fluorescence than 

pCDT1a::CDT1a (C3)-GFP (Figure 6d; compare to Figure 6a). The GFP signal was 

never detected in cells with mitotic figures (Figure 6d; compare to Figure 6c), 

supporting the idea that CDT1a (C3)-GFP is degraded before metaphase. The 

expression pattern was similar to the staining pattern with 5-ethynyl-2’-deoxyuridine 

(EdU), which is incorporated into replicating DNA (Figure 6e) (Salic and Mitchison, 

2008), suggesting the validity of pHTR2::CDT1a (C3)-GFP as a monitor of S-phase 

progression. We noticed that GFP fluorescence often appeared in consecutive cells in a 

particular cell file (Figure 6d), indicating synchronous cell division in the same cell 

lineage. Hayashi et al. (2013) recently made a similar observation using EdU 

incorporation to visualize root cells undergoing DNA replication.  

 

Dual-color time-lapse imaging can monitor the whole cell cycle stages 

To make a reporter system monitoring the whole cell cycle stages, we replaced GFP 
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with RFP to generate pHTR2::CDT1a (C3)-RFP. This S/G2 marker was introduced into 

Arabidopsis together with the G2/M marker pCYCB1::CYCB1-GFP, which carries the 

promoter and the N-terminal region of CYCB1;1, allowing protein degradation through 

the D-box (Ubeda-Tomás et al., 2009; Figure 6f). In the root meristem, we could 

observe all four fluorescence combinations, i.e., no fluorescence, either RFP (Figure 6g) 

or GFP (Figure 6h), and both RFP and GFP fluorescence (Figure 6i), presumably 

representing G1, S-G2, G2-M and G2 phases, respectively. The DNA ploidy profiles in 

leaves expressing both reporter genes were similar to those in the wild-type (Figure S2), 

suggesting that a higher expression of CDT1a (C3)-RFP under the control of HTR2 

promoter did not affect endoreplication. 

To precisely assign each fluorescence signal to a particular stage of the cell 

cycle, we performed in vivo time-lapse imaging of epidermal cells in the root meristem 

(Colon-Carmona et al., 1999; Campilho et al., 2006). Time-lapse imaging for 14 h with 

10-min intervals enabled us to trace changes in fluorescence intensity (Movie S1). The 

GFP signal of pCYCB1::CYCB1-GFP was evident on the equatorial plane in mitotic 

cells (metaphase), but it rapidly disappeared when the sister chromatids began to 

separate (anaphase) (Figure 7a). To provide a timescale, the time point at which the 

equatorial plane was transiently visualized by GFP signals was therefore set to zero 

(Figure 7a,c). We found that the GFP signal appeared at -3 h, when the RFP signal of 

pHTR2::CDT1a (C3)-RFP was still detectable. Both GFP and RFP signals were 

observed for the next 1 h, after which GFP fluorescence alone was detected for 2 h until 

metaphase (Figure 7a,c and Figure 8). 
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Previous reports suggested that the duration of the cell cycle in Arabidopsis 

roots is around 17 h (Cools et al., 2010; Hayashi et al., 2013). However, in our imaging 

system, 14 h was the maximum observation period due to cellular damage caused by the 

laser; thus, we could not monitor the whole cell cycle solely on the GFP-based 

timescale (Figure 7c). We therefore set another timescale: the time point at which the 

intensity of RFP signals first exceeded twice the value detected 2 h previously was set 

to zero (Figure 7b,d). Our observation revealed that the RFP signal appeared 6 h after 

disappearance of the GFP signal at anaphase, and that it persisted for 8 h (Figure 7b,d). 

These results indicate that GFP- and RFP-based measurements can track the whole cell 

cycle; namely, 6 h from M (anaphase) to G1, 8 h from S to G2, and 3 h from late G2 to 

M (metaphase) in which the first hour is an overlap between the RFP and GFP signals 

in G2 (and early M) (Figure 8). We designated this dual-color marker system as 

Cell-Cycle Tracking in Plant Cells (Cytrap).  

In Arabidopsis root tips, dividing cells enter the endocycle around the 

transition zone (TZ), which is located between the meristematic zone and the EDZ 

(Figure 9a), and start to increase cell length (cell volume) and DNA content (De Veylder 

et al., 2011; Takatsuka and Umeda, 2014; Edgar et al., 2014). We observed root cortical 

cells around the TZ in the Cytrap line. The GFP fluorescence of pCYCB1::CYCB1-GFP 

was not detected at all in this region (Figure 9a), which is consistent with an existing 

idea that the whole M phase is skipped in the endocycle (for a review, see Joubes and 

Chevalier, 2000). Instead, the RFP signal of pHTR2::CDT1a (C3)-RFP was observed 

throughout the TZ, and it was also detected in 4.0 ± 2.1 (mean ± s.d., n=15) cells 
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preceding the first TZ cell, which can be identified by a sudden increase in cell size 

(Figure 9b) (for a review, see Verbelen et al., 2006). We infer that the four 

RFP-expressing cells preceding the TZ are in the S-to-G2 phase of the last mitotic cell 

cycle, thus possessing a DNA content of 4C. This result indicates that cell expansion 

occurs after the decision to commit to the endocycle has been made in S/G2-phase cells 

preceding the TZ.  

 

Discussion 

Regulation of CDT1a accumulation in Arabidopsis  

In this study, we revealed that the C-terminal region of Arabidopsis CDT1a is 

responsible for proteasomal degradation, which prevents CDT1a from persisting 

through mitosis. In the vertebrate Fucci system, the G1/S-specific marker Cdt1 

accumulates by the end of S phase (Sugimoto et al., 2004; Sakaue-Sawano et al., 2008), 

implying that Cdt1 protein stability is differentially controlled among various organisms. 

This idea is consistent with the fact that the C-terminal region of Arabidopsis CDT1a, 

which carries multiple hallmarks of protein degradation (Figure 2a), is highly divergent 

from that of its orthologs in other eukaryotes. Sugiyama et al. (2009) found that the 

mammalian Cdt1 reporter is not functional in zebrafish, probably because it is not 

ubiquitinated properly by a fish E3 ubiquitin ligase. This implies that the degradation 

machinery is also divergent among different organisms.  

Our synchronization experiments with tobacco BY-2 cells showed that the 

CDT1a promoter is activated at the beginning of S phase (Figure 5). However, 
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transcription of yeast Cdt1 starts from G1 (Hofmann and Beach, 1994), and the mRNA 

level of human Cdt1 does not change dramatically during the cell cycle (Nishitani et al., 

2001). Therefore, transcriptional regulation of Cdt1 also differs between plants and 

other eukaryotes. Due to the low promoter activity of Arabidopsis CDT1a, we replaced 

the promoter region in the reporter gene with that of HTR2, which is highly expressed 

from the beginning of S phase (Okada et al., 2005). Promoters of other S-phase genes 

should be also useful, such as those driving expression of the core histones, which are 

transcribed and incorporated into nucleosomes at different times during DNA 

replication (Cools et al., 2010). Moreover, tissue-specific S-phase promoters are 

potentially powerful tools to analyze particular developmental processes; for instance, 

the promoter of male gamete-specific HISTONE3.3 may be useful for testing the 

hypothesis that male gametes are arrested at S and proceed to G2 just before 

fertilization (Friedman, 1999; Ingouff et al., 2007; for a review, see Lord and Russell, 

2002), and for examining whether the central cell and the egg cell are in a similar cell 

cycle phase during fertilization.  

 

In vivo visualization of the cell cycle 

Time-lapse imaging of epidermal cells in the root meristem revealed that 

pHTR2::CDT1a (C3)-RFP and pCYCB1::CYCB1-GFP are expressed for approximately 

8 and 3 h, respectively, with an overlapping period of 1 h. pCYCB1::CYCB1-GFP is 

known to be expressed from the late G2 (Colon-Carmona et al., 1999), and our analysis 

showed that the CYCB1-GFP fusion protein was rapidly degraded as cells entered 
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anaphase (Figure 7a). This means that pHTR2::CDT1a (C3)-RFP marks the period from 

S to late G2 or early M (8 h), and pCYCB1::CYCB1-GFP from late G2 to metaphase (3 

h) (Figure 8). Our analysis also revealed that there was a period of 6 h showing no 

fluorescence (Figure 7d). Considering that anaphase, telophase and cytokinesis occur 

rapidly (Kurihara et al., 2008), 6 h is the likely approximate duration of G1 (Figure 8). 

Counting the 1-h overlap in expression of the two fluorescence markers, the cell cycle 

duration is estimated to be 16 h. This is consistent with a previous estimate of 17 h, 

which was based on gene expression profiles in Arabidopsis roots synchronized with 

hydroxyurea (Cools et al., 2010). Hayashi et al. (2013) recently measured cell cycle 

progression in Arabidopsis roots by EdU incorporation; they reported that the duration 

of the cell cycle was 17.1 h, with that of S-phase being 2.9 h, in the meristematic zone. 

Assuming that the S-phase duration is 3 h in our imaging analysis, the 16-h cycle 

consequently consists of 6 h of G1, 3 h of S, 5 h of G2, and 2 h of M.  

We noticed that the maximum duration of our time-lapse imaging using a 

confocal microscope was 14 h, implying that it is impossible to trace the whole round of 

the cell cycle. This limitation is likely due to a reduction in cell division activity caused 

by prolonged confocal laser irradiation and unfavorable root growth under dark 

conditions; indeed, the RFP signal displayed a sharp peak when the timescale was based 

on the RFP fluorescence (Figure 7d), whereas it did not increase so sharply when 

images were captured for more than 10 h after the onset of GFP fluorescence (Figure 

7c). Technical improvement of the imaging system, perhaps by using multi-photon 

confocal microscopy in a light growth chamber (for a review, see Niesner and Hauser, 
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2011), will therefore be required for real-time monitoring of the whole cell cycle in 

living tissues. We also noticed that pCYCB1::CYCB1-GFP yielded relatively weak 

signals, and a much brighter G2/M-phase reporter would be beneficial to the Cytrap 

system. Many Arabidopsis genes showing G2/M-specific expression have been 

identified, such as mitotic cyclins, B2-type CDKs and cytokinesis-related genes 

(Menges et al., 2003; Haga et al., 2007; Kato et al., 2009; Iwata et al., 2011), and we 

anticipate that one or more of these would be a better G2/M-marker in the Cytrap 

system.  

Our observations revealed that pHTR2::CDT1a (C3)-RFP was expressed in the 

4-5 consecutive cells preceding the first elongated TZ cell, as well as in all TZ cells. 

This result implies that cell enlargement occurs after progression through S/G2 of the 

last mitotic cell cycle. We recently reported that CCS52A1 promoter activity is absent in 

the meristem, but is induced a few cells before the first elongated TZ cell (Takahashi et 

al., 2013). CCS52A1 encodes an activator of APC/C, which promotes the onset and 

progression of the endocycle through degradation of mitotic regulators, such as mitotic 

cyclins (Larson-Rabin et al., 2009). The expression pattern of CCS52A1 around the TZ 

is very similar to that of pHTR2::CDT1a (C3)-RFP, demonstrating that the decision to 

enter the endocycle is made during the S-to-G2 phase of the last mitotic cell cycle, and 

is accompanied by APC/C-mediated destruction of mitotic regulators. The RFP signal 

of pHTR2::CDT1a (C3)-RFP was detected throughout the TZ and beyond the EDZ 

without the patchy pattern displayed in the meristematic zone (Figure 9a), indicating 

that CDT1a (C3)-RFP is not degraded after cells start endoreplication. This indicates 
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that, during endoreplication, DNA replication is followed by a gap phase in which 

CDT1a (C3)-RFP is not recognized by the degradation machinery that usually functions 

at the end of G2 or early M in the mitotic cell cycle. Because fluorescence signals of 

tdTomato-labeled histone H2B on chromosomes correlate well with the actual DNA 

level (Adachi et al., 2011), a fluorescent marker fused to histone H2B may be useful to 

measure the DNA level and monitor endocycle progression in the TZ.  

 

Conclusion 

A portion of the C-terminal region of CDT1a, named CDT1a (C3), was necessary and 

sufficient for proteasomal degradation at late G2 or in early mitosis. Consequently, 

when expressed under its own promoter, GFP-fused CDT1a (C3) specifically 

accumulated from S to G2. We expressed CDT1a (C3)-RFP under the strong S-phase 

promoter of HTR2, and combined this marker with the G2/M-specific reporter 

CYCB1-GFP to generate a dual-color marker system, which we named Cell-Cycle 

Tracking in Plant Cells (Cytrap). Time-lapse imaging with Cytrap allowed us both to 

monitor cell cycle progression in the root meristem and to label the last mitotic cell 

cycle before entry into the endocycle. Cytrap is an excellent and adaptable tool to 

visualize cell cycle progression in living plant tissues, and should be applicable to a 

variety of analyses involving cell division during organ formation and development.  

 

Experimental Procedures 

Plant materials and growth conditions 
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Arabidopsis thaliana (ecotype Col-0) was used as the wild-type. 

pCYCB1::CYCB1-GFP (Colon-Carmona et al., 1999; Ubeda-Tomás et al., 2009) and 

pHTR2::HTR2-GFP were provided by Drs. P. Doerner and D. Kurihara, respectively. 

Plant growth conditions and MG132 treatment were as described previously (Adachi et 

al., 2011).  

 

Generation of transgenic lines 

Plasmids were constructed using the Gateway system (Invitrogen, Carlsbad, CA, USA). 

For the GUS fusion series of CDT1a, the CDT1a promoter (1894 bp) was cloned into the 

Gateway pDONR-P4P1R vector, and the full-length CDT1a coding region (+1 to 2508) 

as well as CDT1a (C1) (+1344 to 2508), CDT1a (C2) (+1344 to 1983) and CDT1a (C3) 

(+1578 to 2508) were cloned into pDONR221 (Invitrogen). Each fragment was combined 

with the CDT1a promoter in the R4pGWB533 binary vector to create 

pCDT1a::CDT1a-GUS, pCDT1a::CDT1a (C1)-GUS, pCDT1a::CDT1a (C2)-GUS and 

pCDT1a::CDT1a (C3)-GUS (Nakagawa et al., 2008). The same method was used to 

make pCDT1a::CDT1a-GFP and pCDT1a::CDT1a (C3)-GFP in the GFP-carrying 

binary vector R4pGWB550 (Nakagawa et al., 2008). pCDT1a::GUS was made by 

cloning the CDT1a promoter into the GUS-carrying binary vector R4L1pGWB533 

(Nakamura et al., 2009). For pHTR2::CDT1a (C3)-GFP and pHTR2::CDT1a (C3)-RFP, 

the HTR2 promoter (1.1 kb) was fused to CDT1a (C3) in pDONR221, and 

pHTR2-CDT1a (C3) was cloned into pGWB550 (GFP) and pGWB401 (RFP), 

respectively (Nakagawa et al., 2009). The floral dip method was used to introduce these 
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constructs into Col-0 plants, except for generating the Cytrap marker, in which case 

pHTR2::CDT1a (C3)-RFP was introduced into pCYCB1::CYCB1-GFP-harboring plants 

(Clough and Bent, 1998).  

 

Histochemical analysis 

GUS and propidium iodide (PI) staining were performed as described by Adachi et al. 

(2011). EdU labeling was carried out using a Click-iT-EdU imaging kit (Invitrogen) 

according to the manufacturer’s instruction. Fluorescence images of GFP, RFP, PI and 

EdU were taken with an Olympus FV1000 confocal microscope with FV10-ASW 

version 03.01 software, using a 40x/0.95-numerical aperture objective and argon 

488-nm (GFP and EdU) and 559-nm (RFP and PI) laser lines (Olympus, Tokyo, Japan). 

FV10-ASW software was also used to measure the fluorescence intensity of the Cytrap 

marker in nuclei of epidermal cells. 

 

Yeast complementation test 

The yeast cdt1-td mutant (YST108) and a control plasmid expressing yeast Cdt1 

(pST283) were obtained from Dr. S. Tanaka (Tanaka and Diffley, 2002). cDNA 

fragments of Arabidopsis CDT1a were cloned into the pST517 vector, and introduced 

into YST108. A complementation assay was conducted as described by Tanaka and 

Diffley (2002).  

 

DNA ploidy measurement  
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Ploidy distribution in leaves and BY-2 cells was measured with a ploidy analyzer PA 

(Partec) and CyStain UV precise P (Partec). 

 

Synchronization of tobacco BY-2 cells 

Maintenance, synchronization and Agrobacterium tumefaciens-mediated transformation 

of tobacco BY-2 cells were performed as described previously (Nagata et al., 1992; 

Nagata and Kumagai, 1999). The mitotic index and GUS activity were measured as 

described by Genschik et al. (1998) and Adachi et al. (2006), respectively. 

 

In vivo time-lapse imaging 

Arabidopsis seeds were germinated on a chambered cover glass (AGC TECHNO 

GLASS, Shizuoka, Japan), which contained 1.8 mL medium [0.5 × Murashige and 

Skoog salt mixture, 0.5 g/L 2-(N-morpholino) ethanesulfonic acid (MES) and 1% 

phytagel (Sigma, Tokyo, Japan), pH 5.8]. Plants were grown under continuous light 

conditions at 23°C. Five days after germination (DAG), epidermal cells in the region 

between 100 µm and 200 µm from the root tip were subjected to time-lapse imaging 

with an Olympus FV1000 confocal microscope. The system and acquisition settings 

were the same as those for histochemical analyses, except that a 20x/0.95-numerical 

aperture objective with 3.0x zoom was used. Two or three roots were observed 

simultaneously using FV10-ASW software, and images were collected at two different 

Z-positions every 10 min for 14 h.  
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Figure legends 

Figure 1. Expression patterns of pCDT1a::CDT1a-GUS (a-e) and pCDT1a::GUS (f-j). 

One-DAG (a, f) and 2-DAG (b, g) seedlings, young leaves of 6-DAG seedlings (c and h), 

trichomes of 30-DAG seedlings (d and i), and lateral root primordia of 10-DAG seedlings 

(e and j). Bars = 500 µm (a-c, f-h), 10 µm (d and i), and 100 µm (e and j).  

 

Figure 2. Expression patterns of CDT1a reporter genes in the root tip. (a) Diagram of 

GUS fusion constructs. For translational fusions, CDT1a coding regions were fused 

in-frame to the GUS gene (gray boxes). The open boxes indicate exons. Numbers indicate 

nucleotide positions from the start codon. Cy, Cy motif (blue arrowheads); D-box, 

destruction box (pink arrowheads); PEST, PEST domain (green boxes). (b to f) GUS 

staining of root tips of 3-DAG reporter lines. pCDT1a::CDT1a-GUS (b), pCDT1a::GUS 

(c), pCDT1a::CDT1a (C1)-GUS (d), pCDT1a::CDT1a (C2)-GUS (e) and 

pCDT1a::CDT1a (C3)-GUS (f). MZ, meristematic zone; EDZ, elongation/differentiation 

zone. Bar = 100 µm.  

 

Figure 3. Stability of CDT1a-GUS fusion proteins. Three-DAG seedlings were treated 

with DMSO or 50 µM MG132 for 4 h and stained with GUS. pCDT1a::GUS (a), 

pCDT1a::CDT1a-GUS (b), pCDT1a::CDT1a (C1)-GUS (c), and pCDT1a::CDT1a 

(C3)-GUS (d). Bar = 100 µm.  

 

Figure 4. Functional analysis of CDT1a (C3) in yeast and plant cells. (a) Yeast 
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complementation assay. The Cdt1-defective yeast strain cdt1-td was transformed with an 

empty vector (none) or with plasmids carrying yeast Cdt1, full-length Arabidopsis 

CDT1a, CDT1a (C1) or CDT1a (C3). Three colonies were grown individually in liquid 

medium to mid-logarithmic phase, and spotted onto a glucose-containing medium at the 

permissive temperature (Glc, 24°C) or onto a galactose- and tetracycline-containing 

medium at the restrictive temperature (Gal/Tet, 37°C). (b) DNA ploidy analysis of leaf 

cells. First pairs of rosette leaves were taken from 9-, 15- or 21-DAG seedlings of 

wild-type and pCDT1a::CDT1a (C3)-GUS plants, and subjected to ploidy analysis.  

 

Figure 5. Synchronization of tobacco BY-2 cells carrying pCDT1a::CDT1a (C3)-GUS. 

BY-2 cells were synchronized with aphidicolin (a, b) or with aphidicolin and 

propyzamide (c, d). (a and c) Percentage of cells in G1 (blue), S (pink) or G2/M (green) 

was estimated by flow cytometry. (b and d) Percentage of S-phase cells (pink), mitotic 

index (green) and GUS activity (blue) are shown. h, hours.  

 

Figure 6. Expression of various CDT1a markers. (a to d) Expression of pCDT1a::CDT1a 

(C3)-GFP (a), pCDT1a::CDT1a-GFP (b), pHTR2::HTR2-GFP (c) and pHTR2::CDT1a 

(C3)-GFP (d) in 8-DAG root tips. Propidium iodide (PI) staining was conducted to 

observe cellular organization (magenta). The inset in (c) shows a magnified image of one 

of the circled areas, which show GFP signals on segregating chromosomes at anaphase. 

(e) Six-DAG root tip stained with EdU (green) and PI (magenta). (f) Expression of 

pHTR2::CDT1a (C3)-RFP (magenta) and pCYCB1::CYCB1-GFP (green) in an 8-DAG 
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root tip. Here, and in (g) to (i), images of RFP and GFP fluorescence, and a merged image, 

are shown from left to right. (g to i) Magnified images of cells in (f) indicated by 

arrowheads, arrows and squares, respectively. Bars = 50 µm (a to f) and 10 µm (g to i).  

 

Figure 7. Time-lapse imaging of cell cycle progression in the root meristem. Epidermal 

cells in the root meristem were observed for 5-DAG seedlings harboring both 

pCYCB1::CYCB1-GFP and pHTR2::CDT1a (C3)-RFP. A single nucleus was traced 

sequentially over the indicated time period. (a) Fluorescence images on the GFP-based 

timescale. The time when GFP-labeled chromosomes were aligned on the equatorial 

plane was set to zero. (b) Fluorescence images on the RFP-based timescale. The time 

when the intensity of RFP signals first exceeded twice the value detected 2 h previously 

was set to zero. Bars = 5 µm. (c and d) Fluorescence intensity of GFP (green) and RFP 

(pink). Brightness in the nuclear area was quantified using Olympus FV10-ASW 

software. The time scale was based on GFP (c) or RFP (d). Note that the data are 

displayed at 1-h intervals, but with 10-min intervals from -60 min to 60 min on the 

GFP-based time scale (a and c) because GFP fluorescence changed rapidly during this 

period. Error bars represent the standard deviation. n = 25 (c) and 15 (d).  

 

Figure 8. Schematic representation of cell cycle progression in the Arabidopsis root 

epidermis. The duration of each stage displaying GFP (green) and/or RFP (magenta) 

fluorescence, or lacking either, was estimated by time-lapse imaging of the Arabidopsis 

root meristem using the Cytrap system.  
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Figure 9. Expression of the Cytrap markers around the transition zone of Arabidopsis 

root. Expression of pHTR2::CDT1a (C3)-RFP (magenta) and pCYCB1::CYCB1-GFP 

(green) was observed with 13-DAG seedlings. (b) is a magnified image of the boxed area 

in (a). Arrowheads indicate the boundaries between the meristematic zone (MZ), the 

transition zone (TZ) and the elongation/differentiation zone (EDZ). Bars = 100 µm.  
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