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Abstract

Methyl jasmonate (MeJA) elicitation is an effective strategy to induce and enhance synthesis of 

the anticancer agent paclitaxel (Taxol®) in Taxus cell suspension cultures; however, concurrent 

decreases in growth are often observed, which is problematic for large scale bioprocessing. Here, 

increased accumulation of paclitaxel in Taxus cuspidata suspension cultures with MeJA elicitation 

was accompanied by a concomitant decrease in cell growth, evident within the first three days 

post-elicitation. Both MeJA-elicited and mock-elicited cultures exhibited similar viability with no 

apoptosis up to day 16 and day 24 of the cell culture period, respectively, suggesting that growth 

repression is not attributable to cell death. Flow cytometric analyses demonstrated that MeJA 

perturbed cell cycle progression of asynchronously dividing Taxus cells. MeJA slowed down cell 

cycle progression, impaired the G1/S transition as observed by an increase in G0/G1 phase cells, 

and decreased the number of actively dividing cells. Through a combination of deep sequencing 

and gene expression analyses, the expression status of Taxus cell cycle-associated genes correlated 

with observations at the culture level. Results from this study provide valuable insight into the 

mechanisms governing MeJA perception and subsequent events leading to repression of Taxus 

cell growth.
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INTRODUCTION

Dedifferentiated plant cell suspension cultures provide a regulated environment independent 

of geographical and external environmental factors for the synthesis of plant-based 

secondary metabolites. Cell suspension culture offers a distinct advantage over tissue or 

organ culture as existing bioprocess technology developed for microbial and mammalian 

cells can be easily adapted to plant cells (Kieran, MacLoughlin and Malone 1997). The use 

of elicitors in plant cell suspension culture can both increase product yields and 

consequently decrease the long fermentation times, facilitating the use of plant cell culture 

technology in commercial applications. Jasmonic acid (JA) and its methyl ester, methyl 

jasmonate (MeJA) have been widely used as elicitors to induce secondary metabolite 

production in a variety of plant cell culture systems (Gundlach et al. 1992, Lijavetzky et al. 

2008, Pauwels et al. 2008, Yazaki et al. 1997). In particular, jasmonates have been effective 

at enhancing production of the anticancer drug paclitaxel (Taxol®) in a variety of Taxus 

species and cell cultures (Bonfill et al. 2006, Ketchum et al. 1999, Yukimune et al. 1996). 

Paclitaxel is widely used for treatment of breast, ovarian and lung cancers as well as AIDS-

related Kaposi’s sarcoma, and is being investigated for use in the treatment of neurological 

disorders and in post-surgery heart patients (Vongpaseuth and Roberts 2007). Paclitaxel 

titers of up to 900 mg/L have been achieved in industrial environments using a combination 

of MeJA elicitation and cell culture optimization strategies (Bringi et al. 2007).

Increased secondary metabolite accumulation upon MeJA elicitation is often accompanied 

with concurrent decreases in culture growth (Kim et al. 2005), Thanh et al. 2005, Zhang and 

Turner 2008, Sun et al. 2013). MeJA has been shown to broadly induce defense responses 

and secondary metabolism in plants (Farmer and Ryan 1990, Reymond and Farmer 1998, 

Seo et al. 2001), which diverts carbon resource allocation from primary metabolism 

(Logemann et al. 1995, Pauwels et al. 2009). Recent studies indicate that MeJA-mediated 

growth inhibition is associated with perturbations in mitochondrial membrane integrity 

along with decreases in the biosynthesis of ATP (Ruiz-May et al. 2011) and proteins related 

to energy metabolism (Cho et al. 2007).

At a mechanistic level, MeJA has demonstrated an inhibitory effect on growth at the level of 

the cell cycle (Pauwels et al. 2008, Swiatek et al. 2002). Most studies to understand the 

effect of jasmonates on the cell cycle have been done in angiosperms, such as Arabidopsis 

thaliana and tobacco BY-2 cell suspension cultures (Pauwels et al. 2008, Swiatek et al. 

2002). Exogenously applied MeJA blocks the G1/S and G2/M transitions in the cell cycle of 

cultured tobacco BY-2 cells (Swiatek et al. 2002). Micromolar concentrations of MeJA 

added to A. thaliana suspension cultures repressed the activation of M phase genes, arresting 

cells in G2 phase (Pauwels et al. 2008). Genomic information and established protocols for 

synchronizing cell cultures (Kumagai-Sano et al. 2006, Menges et al. 2002) to understand 

cell cycle events are readily available for these plant species, facilitating mechanistic 

studies. In contrast, gymnosperms such as Taxus have not been as well studied with regard 

to cell cycle progression and the mechanism of MeJA-repressed growth.

While a number of studies have reported increased taxane biosynthetic pathway gene 

products upon MeJA elicitation (Jennewein et al. 2004, Nims et al. 2006, Patil et al. 2012, Li 
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et al. 2012), there have been few reports regarding the role of MeJA on growth inhibition 

and cell cycle progression in Taxus cultures (Kim et al. 2005, Naill and Roberts, 2005a). In 

the present study we investigate the influence of MeJA on both cell growth and viability of 

Taxus cells in batch culture. The effect of MeJA on cell cycle progression was determined 

using asynchronous Taxus cuspidata cells. Actively dividing cells were quantified and cell 

cycle kinetics were determined by cumulative and pulse-labeling using 5-ethynyl-2’-

deoxyuridine (EdU), a nucleoside analog of thymidine. Recently obtained 454 and Illumina 

transcriptome sequencing data for both MeJA-elicited and mock-elicited cultures were used 

to obtain the expression status of cell cycle-associated genes in the asynchronous T. 

cuspidata cultured cells. There is currently minimal sequence information on cell cycle 

regulated genes derived from this division of the plant kingdom (Li et al. 2012, Sun et al. 

2013), and these studies provide the first insight into cell cycle control upon elicitation with 

MeJA. Because the mechanism of action of MeJA has not been investigated to date for 

gymnosperms such as Taxus, strategies to promote growth, while still enhancing secondary 

metabolite synthesis for bioprocessing, have not been identified or tested. The results here 

show that MeJA-induced growth repression in Taxus growth occurs at the level of cell cycle, 

providing important mechanistic information on the influence of MeJA on Taxus cell 

proliferation.

MATERIALS AND METHODS

Cell culture maintenance and MeJA elicitation

The T. cuspidata P93AF cell line was provided by the U.S. Plant Soil and Nutrition 

Laboratory (Ithaca, NY), and maintained in our laboratory on gyratory shakers as described 

previously (Kolewe et. al 2010). For elicitation, 40 μL of 100% methyl jasmonate (MeJA) 

was added to 460 µL of 95% (v/v) ethanol and 500 µL nanopure water. This solution was 

vortexed and then filtered through a 0.2 µm Gelman PVDF filter into a sterile container. 

This solution was then added to the cultures on day 7 post-transfer to yield a final 

concentration of 150 µM. The foam closures were covered with aluminum foil to prevent 

evaporation. Mock-elicited cultures were generated by using equivalent amounts of sterile 

water instead of MeJA. All chemicals were purchased from Sigma-Aldrich unless otherwise 

specified.

Biomass and taxane content measurements

A Multisizer 3™ Coulter counter equipped with a 2000 µm aperture (Beckman Coulter, 

Brea, CA, USA) was used to determine total biomass dry weight based on previously 

published correlations (Kolewe et al. 2010). For analysis, two × 2 mL samples of well-

mixed culture broth (cells plus media) were taken from each flask. Taxane content in mock-

elicited and MeJA-elicited cultures were analyzed at several time points post-elicitation 

using Ultra Performance Liquid Chromatography (UPLC), as described previously (Patil et 

al. 2012).

Viability analysis

Qualitative analysis of viability was performed by staining with fluorescein diacetate (FDA) 

and propidium iodide (PI). 500 µL of well-mixed culture was sampled, to which 10 µL of a 
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0.5 mg/mL FDA stock solution and 4 µL of a 1 mg/mL PI stock solution was added. After a 

10 min incubation in the dark, supernatant was removed, and 500 µL of fresh Gamborg’s B5 

medium was added. 100 µL of cell suspension was observed under a fluorescence 

microscope. A Zeiss Axiovert 200 inverted microscope fitted with a blue filter set 

(excitation at 450–490 nm and emission above 515 nm) for FDA fluorescence and a green 

filter set (excitation at 530–560 nm and emission above 580 nm) for PI fluorescence was 

used. FDA detects living cells, whereas PI detects non-viable cells. Note that esterases 

released from non-viable cells can result in background fluorescence.

DNA laddering assay

Total genomic DNA was extracted following the method of Dellaporta et al. (1983) with a 

slight modification. Fresh cells (0.2 g) were ground in liquid nitrogen with mortar and 

pestle. Ground cells were transferred to a sterilized Eppendorf tube and dissolved in 600 µL 

buffer (pH 8.0) consisting of NaCl (100 mM), Tris/HCl (50 mM), EDTA (25 mM), sodium 

dodecyl sulfate (1%, w/v), and β-mercaptoethanol (10 mM). The mixture was shaken 

vigorously through inversion and incubated in a water bath at 65 oC for 10 min. 250 µl of 

potassium acetate (5 M) was added to the mixture, which was incubated on ice for 30 min 

followed by centrifugation at 10,000 × g for 10 min at 4 oC. The supernatant was collected 

and mixed with an equal volume of isopropanol (approximately 600 µL). The precipitate 

formed was centrifuged, washed with 70% (v/v) ethanol, and redissolved in 200 µl of buffer 

(10 mM Tris/HCl, 5 mM EDTA, pH 8.0). Further precipitation was achieved by addition of 

20 µL sodium acetate (3 M, pH 5.2), followed by 500 µL of 100% (v/v) ethanol and gentle 

inversion to completely mix the two phases. Precipitates were centrifuged, washed with 70% 

(v/v) ethanol and then dried at 25 °C. Pellets were resuspended in 40 µL buffer (10 mM Tris/

HCL, 1 mM EDTA, pH 8.0). RNAse A (100 µg/mL) was added to digest RNA at 37 oC for 

30 min. DNA concentrations were quantified using a Nanodrop 1000 spectrophotometer 

(Thermo Scientific, Wilmington, DE, USA). For analysis of DNA laddering, equal amounts 

of DNA were run on a 1.5 % (w/v) agarose gel stained with ethidium bromide (0.5 µg/mL), 

and observed under a UV transilluminator. 1 kbp and 100 bp DNA ladders (New England 

Biolabs) were used as molecular weight markers.

Isolation and fixation of intact nuclei

Intact nuclei were isolated from Taxus cells in Galbraith’s buffer [45 mM MgCl2, 30 mM 

sodium citrate, 20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), 0.3 % (w/v) Triton 

X-100, pH 7.0] as described previously (Patil et al. 2013, Gaurav et al. 2010, Galbraith et al. 

1983). Post isolation, nuclei were fixed with 1% paraformaldehyde (dissolved in Galbraith’s 

buffer) at 4 oC for 30 min. Fixed nuclei were washed twice with Galbraith’s buffer by 

centrifuging at 700 × g for 4 min at 4 oC. After washing, nuclei were resuspended in 1 mL 

of Galbraith’s buffer and stored at 4 oC until further analysis.

Distribution of cells in different phases of the cell cycle

Triplicate samples of MeJA-elicited and mock-elicited cultures were sampled and nuclei 

were isolated at several time points post-elicitation as described above. 1 mL of the nuclei 

solution were aliquoted, and 50 µL of 1 mg/mL RNAse and 50 µL of 1 mg/mL PI were 
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added. Samples were stained for at least 30 min on ice before flow cytometric analysis (see 

below).

EdU incorporation assay

MeJA-elicited and mock-elicited Taxus cell cultures were maintained in medium containing 

10 µM EdU for the required incubation period (see cumulative and pulse labeling below). 

Nuclei were isolated from the EdU-labeled cultures, fixed and incubated with 250 µL EdU 

detection cocktail (Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay kit, cat no: 

C35002, Invitrogen, Carlsbad, CA) at 25 °C for 30 min as per manufacturer’s protocol, with 

slight modifications. For one sample reaction (250 µL), the following amounts of kit 

components were used: 219 µL of 1X Click-iT Reaction buffer (Component G, diluted to 1X 

in Galbraith’s buffer), 5 µL Copper (II) sulfate solution (Component H, 100 mM aqueous 

CuSO4), 1.25 µL Alexa Fluor 488 azide (Component B) and 25 µL 1X buffer additive 

(component I, diluted to 1X in Galbraith’s buffer). Post incubation, 2 mL of Galbraith’s 

buffer were added to the samples as a wash; samples were centrifuged at 700 × g and 4 °C 

for 4 min, and resuspended in 0.5 mL Galbraith’s buffer for subsequent staining and 

analysis. 1 mg/mL of RNAse A was added followed by 1 mg/mL 7-aminoactinomycin D (7-

AAD) (Invitrogen, Carlsbad, CA). Samples were incubated for 60 min at 25 °C before flow 

cytometric analysis (see below).

Pulse labeling of MeJA-elicited and mock-elicited cultures

MeJA-elicited and mock-elicited cultures on day 5 of the culture period were pulse-labeled 

for 4 hours with 10 µM EdU. Cells were collected by centrifugation at 800 × g for 5 min, 

and washed with conditioned medium. Conditioned medium was obtained by decanting 

settled MeJA-elicited and mock-elicited cell suspensions incubated without EdU under the 

same conditions. The wash procedure was repeated two more times to eliminate excess EdU. 

The volume was then adjusted with conditioned medium to that before washing, and 

cultures were continued in the absence of EdU. Samples of pulse-labeled cells were taken 

periodically over 48 hours and processed for EdU analysis. A series of bivariate DNA-EdU 

distributions at various times after pulse-labeling was obtained using flow cytometry (see 

below).

Cumulative labeling of MeJA-elicited and mock-elicited cultures

MeJA-elicited and mock-elicited cultures on day 7 of the culture period were incubated with 

10 µM EdU. After EdU addition, nuclei were isolated and fixed every 24 hours for the 

following 5 days. Isolated nuclei were stained for EdU (Alexa Fluor 488) and DNA content 

(7-AAD) (see above) and analyzed via flow cytometry (see below).

Flow cytometry

For nuclei analysis, a Becton Dickinson (San Jose, CA) LSRII analytical flow cytometer 

equipped with an argon laser tuned to 488 nm with the standard filter set-up was used. A 

minimum of 5000 events were collected in the gated region of a forward scatter and side 

scatter plot corresponding to nuclei. The scatter plots were manually gated to exclude debris 

and doublets. For cell cycle analysis, forward scatter and side scatter were collected on a 
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logarithmic scale, and PI fluorescence was collected on a linear scale. For cumulative-and 

pulse-EdU labeling analysis, a bivariate plot of DNA-EdU was obtained. Alexa Fluor 488 

EdU intensity was detected between 515–545 nm. For detection of 7-AAD intensity (DNA 

content) the 663–677 nm emission range was used with the standard filter sets available on 

the LSRII. The boundary of EdU-labeled nuclei in biparametric plots was obtained by 

subtracting the background using a non-EdU treated culture.

Cell cycle-associated contig generation, annotation and expression analysis

RNA was isolated from T. cuspidata P93AF cells (MeJA-elicited and mock-elicited) every 

24 hours post-elicitation over a time period spanning 22 days of the culture period. Equal 

amounts of total RNA from each culture were pooled from each time point for 454 

sequencing. After rRNA depletion and fragmentation, a transcriptome library was generated 

by sequencing the pooled RNA sample on one full PicoTiterPlate (PTP) using the 454 

Genome Sequencer FLX Titanium System™, following the manufacturer's instructions 

(Roche, Branford, CT). In addition, 50 bp paired end mRNA-sequencing libraries were 

prepared from both MeJA-elicited and mock-elicited T. cuspidata P93AF cells at 18 and 72 

hour time points using the Illumina HiSeq 2000 platform (Illumina, Inc. San Diego, CA). 

Reads from both 454 and Illumina sequencing libraries were used in de novo assembly to 

generate contigs using CLC genomics workbench (CLC Bio, Aarhus, Denmark) by setting 

A, C, G, T voting method for conflict resolution. A total of 48,614 contigs were generated 

(>200 bp, avg. >100 reads/contig, >50X coverage) with N50 contig length of 873 bp. These 

contigs were annotated using Blast2GO default parameters (Conesa et al. 2005). Based on 

the Blast2GO annotation, 149 contigs representing known cell cycle-associated genes were 

identified (Online Resource 2). Paired end reads from each Illumina library were mapped 

onto the contigs using CLC Genomics Workbench software. Gene expression for both 

MeJA-elicited and mock-elicited P93AF cells at the 18 and 72 hour post-elicitation time 

points were calculated by using the RPKM (Reads per kb per million reads) method 

(Mortazavi et al. 2008). To identify differentially expressed genes, the proportions-based 

test was used between any two RNA-seq libraries under comparison with a p-value <0 .05 

(Kal et al. 1999). To calculate the fold change between any two conditions, quantile 

normalization of the RPKM values was used.

RESULTS

MeJA represses cell growth without significant changes in necrosis and apoptosis

Inhibition of growth after MeJA elicitation has been observed in a variety of Taxus species 

and cell lines (Bonfill et al. 2006, Kim et al. 2004, Laskaris et al. 1999, Yukimune et al. 

1996), as well as other plant cell culture systems (Goossens et al. 2003, Thanh et al. 2005). 

Although most reports indicate a decrease in Taxus cell growth upon MeJA elicitation, some 

data show no difference in cell growth between MeJA-elicited and non-elicited Taxus cell 

lines (Bonfill et al. 2007, Ketchum et al. 1999). Upon addition of MeJA on day 7 of the 

culture period, T. cuspidata P93AF cell cultures clearly demonstrate repressed growth (Fig. 

1a) and increased taxane production (Fig. 1b) as compared to mock-elicited cultures.
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Subsequently, we examined the viability of cultures using fluorescein diacetate (FDA) and 

propidium iodide (PI), to indicate both viable and non-viable cells, respectively. Eight time 

points were examined spanning 24 days of the culture period; representative data are shown 

in Fig. 1c and 1d. Both MeJA-elicited and mock-elicited cultures exhibited approximately 

90% to 95% viability until day 16 of the culture period (9d post-elicitation) (Fig. 1c and 1d). 

At later time points, the FDA fluorescence intensity decreased in both MeJA-elicited and 

mock-elicited cultures, implying a decrease in metabolic activity for all cultures (Li et al. 

2011). More PI fluorescent cells were observed in MeJA-elicited cultures as compared to 

mock-elicited cultures on days 21 and 24 of the culture period (14d and 17d post-elicitation) 

(Fig. 1c and 1d), indicating compromised cell membrane integrity and the beginning of cell 

necrosis in MeJA-elicited cultures. There was a time lag between evidence of reduced 

viability and a measurable decrease in biomass (dry weight), as has been observed with 

other Taxus cell lines (Kim et al. 2005, Naill and Roberts, 2005a).

A hallmark feature of apoptotic cell death is the fragmentation of DNA into 

oligonucleosomal fragments of approximately 180–200 bp or multiples thereof, giving rise 

to a ladder during gel electrophoresis of genomic DNA (Ryerson and Heath, 1996, Yuan et 

al. 2002). Genomic DNA was isolated from MeJA-elicited and mock-elicited cultures on 

day 11, day 24 and day 30 of the culture period. A DNA laddering pattern was not observed 

until day 30 of the culture period (23d post-elicitation) in mock-elicited and MeJA-elicited 

cultures (Fig. 2), indicating that apoptosis is not a direct consequence of MeJA elicitation. 

Repression of cell growth thus occurs before significant necrosis and apoptosis begins in 

MeJA-elicited Taxus cultures, which necessitates further investigation into the cell cycle to 

understand the role of MeJA in growth inhibition.

MeJA causes a transient increase in G2 phase cells and a decrease in S phase cells, 
followed by an arrest at G0/G1 in asynchronous Taxus suspension cultures

Nuclei were isolated from mock-elicited and MeJA-elicited cultures and stained with PI for 

flow cytometric-based DNA quantification. A flow cytometric DNA histogram of Taxus 

nuclei is shown in Fig. 3d for reference. All data presented were extracted from similar 

histograms. The percentage of cells in the different cell cycle phases were calculated using 

the Watson Pragmatic Model of FlowJo software (v 7.6, Tree Star, Inc.). The proportion of 

cells in each cell cycle phase in mock-elicited and MeJA-elicited cultures is shown in Fig. 3 

(a–c). Within the first 24 hours post-elicitation, MeJA-elicited cultures had more cells in G2 

phase (18% in MeJA-elicited, 13% in mock-elicited cultures) and fewer cells in S phase 

(10% in MeJA-elicited, 14.5% in mock-elicited cultures) when compared to mock-elicited 

cultures. This trend was confirmed by further analyzing cultures at shorter time increments 

before 24 hours post-elicitation (Online Resource 1). After 72 hours post-elicitation the 

percentage of cells in both G2 and S phases decreased and the distributions shifted towards a 

higher percentage of cells in G0/G1. An increased G0/G1 cell population post-MeJA-

elicitation has also been observed with another Taxus cell suspension line (Naill and 

Roberts, 2005a).
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MeJA slows down the cell cycle

5-ethynyl-2’-deoxyuridine (EdU) pulse labeling was used to investigate the effect of MeJA 

on cell cycle kinetics. A four-hour EdU pulse was provided to both MeJA-elicited and 

mock-elicited cultures. As cells only in S-phase are able to incorporate EdU, labeled cells 

were quantified as they pass through different phases of the cell cycle (S to G2/M to G0/G1) 

using the bivariate DNA-EdU distributions obtained with flow cytometry. Approximately 

10% EdU incorporation was used for pulse labeling, which allows enough cells to be labeled 

for accurate quantification using flow cytometry. A similar percentage of 5-bromo-2'-

deoxyuridine (BrdU) incorporation was used successfully in pulse labeling studies of 

Solanum aviculare cells (Yanpaisan et al. 1998). The G0/G1 peak in mock-elicited cultures 

appeared 9 hours after the EdU pulse; whereas it took 24 hours after the EdU pulse to 

observe the G0/G1 peak in MeJA-elicited cultures (Fig. 4). This later appearance of the 

G0/G1 peak in MeJA-elicited cultures clearly demonstrates that MeJA repressed cell cycle 

progression in Taxus cultures. However, the appearance of the G0/G1 peak in MeJA-elicited 

cultures indicates that the cell cycle is not arrested at the G2/M transition.

MeJA decreases the number of cycling cells

Cumulative EdU incorporation in MeJA-elicited and mock-elicited Taxus cultures is shown 

in Fig. 5. Five days after incubation with EdU, the number of cells incorporating EdU in 

mock-elicited cultures was approximately 45% of the total cell population, whereas in 

MeJA-elicited cultures it was only 12% of the total cell population. These data indicate that 

MeJA addition results in fewer cells participating in DNA synthesis, hence a lower number 

of actively cycling cells in culture. Repression of DNA synthesis and blockage of cells in G1 

and G2 phases of the cell cycle upon MeJA-elicitation have also been observed in 

synchronized tobacco BY-2 cell cultures (Swiatek et al. 2002).

MeJA represses a number of genes participating in cell cycle progression

Using a combination of deep sequencing technologies and Blast2GO annotation, 149 cell 

cycle-associated contigs (referred to as cell cycle-associated genes from here onwards) were 

identified in the transcriptome of mRNA isolated from cultured Taxus cells (Online 

Resource 2). A comparison of gene expression between mock-elicited and MeJA-elicited 

cultures was done at 18 hours and 72 hours post-elicitation. At both 18 hours and 72 hours 

post-elicitation, none of the 149 cell cycle associated-genes were upregulated in MeJA-

elicited cultures relative to the mock-elicited cultures. However, a total of 52 cell cycle 

genes were significantly downregulated (> 2-fold down regulation, P < 0.05) at 18 hours and 

72 hours post-elicitation in MeJA-elicited cultures relative to mock-elicited cultures. Fig. 6 

shows the hierarchical clustering of the 52 cell cycle genes that were downregulated in 

MeJA-elicited cultures. At 18 hours post-elicitation, 49 genes that were homologous to 

genes involved in the G2/M and G1/S transition in other plant species were downregulated 

in MeJA-elicited cultures (Table 1). In particular, the gene representing E2F target protein 1 

(ETG1), which is a component of the replisome complex and needed for DNA replication 

(Takahashi et al. 2008), was drastically downregulated (∼160 fold). The transcription factor 

E2F, which in Arabidopsis governs expression of ETG1 and other cell cycle genes [about 70 

target genes, (Vandepoele et al. 2005)] involved in the G1/S transition was also 
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downregulated. Genes representing CDC6 (Castellano et al. 2001), CDC45 (Stevens et al. 

2004), CDC48 and D-type cyclins (Meijer and Murray, 2000), whose expression typically 

peaks during G1 or early S phase, and some of the genes representing B-type cyclins and 

other G2 and M phase-specific genes that facilitate progression through mitosis were also 

downregulated.

At 72 hours post-elicitation, about 20 cell cycle genes were significantly downregulated in 

MeJA-treated cultures (Table 2). Most of these genes (17 out of 20) were also 

downregulated at the 18 hour time point when compared to mock-elicited cultures. 

However, in contrast to the 18 hour time point, which had genes representing both the G1/S 

and G2/M transition, the majority of the downregulated genes at 72 hours were those whose 

expression typically peaks during G2 and M phase. For example, Cyclin A1, B1, B2, cyclin 

dependent kinase B (CDKB) and -other G2/M specific cyclins, whose transcripts are known 

to accumulate during G2 and M phases (Inze and De Veylder, 2006), were found to be the 

most downregulated (> 10-fold downregulation, Table 2). This result implies that in MeJA-

elicited cultures, fewer cells are going through mitosis at the 72 hour time point as compared 

to mock-elicited cultures.

A comparison was made between the gene expression levels at 18 hours and 72 hours for 

both mock-elicited and MeJA-elicited cultures (18h mock-elicited vs. 72h mock-elicited and 

18h MeJA-elicited vs 72h MeJA-elicited). There was no change in expression of cell cycle-

related genes in the mock-elicited cultures. However, comparison between 18h MeJA-

elicited and 72h MeJA-elicited cultures showed that genes that are usually expressed during 

G2 and M phase (e.g., cyclin dependent kinase B, cyclin A1, cyclin B2 and B3, etc.) were 

downregulated at 72 hours as compared to 18 hours (Table 3). Some G1 phase-specific 

genes (e.g., D-type cyclins and CDC 48 homologs) were upregulated at 72 hours as 

compared to 18 hours (Table 4).

Apart from the cell cycle-specific genes, genes representing the subclasses of core histones, 

H2A, H2B, H3 and H4, which are essential for cell proliferation and required for the 

packaging of DNA into chromatin (Gutierrez, 2009, Yi et al. 2006) were also repressed in 

MeJA-elicited cultures at both 18 and 72 hours (Online Resource 3 and Online Resource 4).

DISCUSSION

In the present study, we quantified the effect of MeJA, a widely used enhancer of plant 

secondary metabolism, on asynchronously dividing T. cuspidata cell cultures. Biomass 

measurements showed that MeJA repressed culture growth (Fig. 1a). There was a time lag 

between growth inhibition and cell death, indicating that MeJA-mediated growth inhibition 

was not due to necrosis and/or rupturing of cell membranes (Fig. 1c, d). Biotic (fungal 

derived) and abiotic (Cerium (Ce+4)) elicitors induce apoptotic cell death in Taxus cultures 

within a few hours to few days post-elicitation (Ge et al. 2002, Qiao et al. 2003, Yuan et al. 

2002). Here, we observed DNA fragmentation, a hallmark of apoptotic cell death, only at a 

very late time point (day 30 of the culture period), implying that apoptosis is not directly 

linked to MeJA elicitation (Fig. 2). Similar results have been reported for T. cuspidata P991 

and T. canadensis C093D cell lines upon MeJA elicitation (Kim et. al, 2005). One 
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explanation for this anomalous behavior for MeJA is that MeJA elicitation in Taxus 

suspensions did not markedly increase the phosphatic acid (PA) levels, which is associated 

with regulating cell death response (Yang et al. 2008). Ce+4 caused both increased paclitaxel 

levels and increased PA levels, leading to cell death (Yang et al. 2008). Repression of 

growth without cell death and a delayed onset of apoptosis suggest that MeJA is repressing 

growth by altering cellular metabolism and/or affecting the cell cycle. We previously 

demonstrated that MeJA upregulates paclitaxel biosynthetic pathway genes (Lenka et al. 

2012, Nims et al. 2006, Patil et al. 2012), and thus metabolism is shifted towards synthesis 

of paclitaxel. Here, the influence of MeJA on the Taxus cell cycle and the mechanism of 

growth inhibition have been elucidated.

MeJA addition to asynchronously dividing Taxus cultures resulted in four effects on the cell 

cycle, as revealed by flow cytometric analyses: i) transient increase in G2 phase cells, ii) 

transient decrease in S phase cells, iii) increase in G0/G1 phase cells at later stages post-

elicitation, and iv) decreases in G2 and S phase cells at later stages post-elicitation (Fig. 3 

and Online Resource 1). At a mechanistic level, the effect of jasmonates has been shown to 

be dependent on the phase of the cell cycle in synchronized tobacco BY-2 cells (Swiatek et 

al. 2002). When JA was applied before the G1/S transition it prevented DNA replication, 

keeping BY-2 cells in G1 phase. When JA was applied during S phase, it prevented cells 

from entering mitosis without directly affecting their DNA synthesis (Swiatek et al. 2002, 

Swiatek et al. 2004). Though our cultures were not synchronized, a similar effect was 

observed upon MeJA elicitation, with a drop in the percentage of cells in S phase and an 

increase in the percentage of cells in G2 phase immediately following elicitation. The 

decreased percentage of cells in G2 and S and increased percentage of cells in G0/G1 at 96 

hours post-elicitation suggest that the cells were not permanently arrested in G2/M, but 

rather moving slowly. An EdU pulse label assay confirmed these data showing clearly that 

MeJA addition slowed progression through the cell cycle (Fig. 4).

The transcription of several cell cycle genes at 18 hours and 72 hours post-elicitation with 

MeJA also correlated with the flow cytometric data trends. Concomitant with the decrease in 

S phase cells (Fig. 3b), significant downregulation of expression of ETG1 and CDC6 genes 

at the 18 hour time point was observed. Expression of ETG1 and CDC6 genes has been 

shown to be necessary for the G1/S transition in Arabidopsis (Castellano et al. 2001, 

Takahashi et al. 2008). Genes representing CDC45 (Stevens et al. 2004) and CDC48 

homologs (Feiler et al. 1995), which play a role in the G1/S transition were also 

downregulated. Plant cyclins are known to interact with cyclin-dependent kinases (CDKs), 

and these CDK-cyclin complexes regulate the key G1/S and G2/M transition points 

responsible for DNA replication and mitosis, respectively. Plant cyclins, especially the A 

and B types, show oscillatory behavior at the transcription level, where transcript levels peak 

during certain phases of the cell cycle. Generally, D-type cyclins are known to regulate the 

G1/S transition, A-type cyclins regulate the S/M transition, and B-type cyclins regulate both 

the G2/M transition and M phase control (Breyne and Zabeau, 2001, Inze and De Veylder, 

2006); though a number of exceptions to these functional assignments have been reported 

(Inze and De Veylder, 2006, Kawamura et al. 2006). Genes representing all these three 

classes of cyclins were downregulated at the 18 hour time point in MeJA-elicited cultures 
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relative to mock-elicited cultures. Also, cyclin-dependent kinase B (CDKB) genes, which 

are regulated at the transcript level and are necessary for the G2/M transition (Inze and De 

Veylder, 2006), were downregulated at 18 hours in MeJA-elicited cultures. The expression 

patterns of some of these cell cycle genes are thus consistent with the increase in G2 phase 

cells within 24 hours post-elicitation with MeJA (Fig. 3c). At 72 hours post elicitation, the 

majority of downregulated genes were those for which expression peaked during G2 and M 

phases (e.g., cyclin A1, CDKB, cyclin B2, etc.). Some of the genes that are involved in G1/S 

transition (e.g., ETG1, CDC45, etc.) were also downregulated at the 72 hour time point 

(Table 2), indicating that cell proliferation and progression of cells from G1 for division is 

hindered.

Comparison of cultures at 18 and 72 hours post-elicitation with MeJA shows that G2/M-

specific cell cycle genes (e.g., G2-mitotic specific cyclin, cyclin A1, CDKB, etc.) are 

downregulated at 72 hours as compared to 18 hours (Table 3). This result implies that the 

downregulation of genes required to drive cells through G2 and M phases causes more cells 

to remain in G2 phase. Some G1 phase genes (e.g., cyclin D (d2–4 type cyclin) and CDC 48, 

Table 4) are also upregulated at 72 hours as compared to 18 hours post-elicitation, implying 

that more cells are present in G0/G1 phase at 72 hours relative to 18 hours in MeJA-elicited 

cultures. These results correlate well with flow cytometric data (Fig. 3), where both a 

decrease in G2 and S phase cells and an increase in G0/G1 phase cells were observed after 

72 hours post-elicitation.

Moreover, along with the cell cycle-specific genes, histone-encoding genes were also 

downregulated upon MeJA elicitation. Histones are highly conserved across eukaryotic 

species and have been classified into four subcategories of core histones (H2A, H2B, H3, 

and H4) and linker histones (H1). For most species, each core histone protein is encoded by 

a multigene family (Piontkivska et al. 2002). Biotic and abiotic stresses can repress 

expression of histone genes in plants. For example, in cultured parsley cells, UV radiation 

and fungal elicitors repressed expression of several genes essential for cell cycle progression 

including histones H2A, H2B, H3, and H4 (Logemann et al. 1995), leading to growth 

inhibition. Similar results were observed here in MeJA-elicited T. cuspidata cultures, where 

all the genes representing histones were downregulated relative to mock-elicited cultures at 

both 18 and 72 hours post-elicitation. Thus, histone gene repression can be correlated to 

decreased cell division in Taxus, analogous to observations in parsley cells (Logemann et al. 

1995).

The number of cells incorporating EdU was significantly lower in MeJA-elicited cultures 

when compared to mock-elicited cultures (Fig. 5). This result suggests that over time the 

number of actively dividing cells (i.e., synthesizing DNA) decreased in MeJA-elicited 

cultures. This result is supported by the increase in G0/G1 phase cells observed in MeJA-

elicited cultures (Fig. 3a). One explanation is that cells remain in G0 phase and are 

specialized for accumulation of paclitaxel and potentially other secondary metabolites (Naill 

and Roberts, 2005a). Total metabolic activity inferred from total cellular protein content is 

relatively uniform in MeJA-elicited cultures (Naill and Roberts, 2005b), indicating that non-

cycling cells are still metabolically active, but potentially redirect carbon flux away from 

primary metabolism towards secondary metabolism. Alkaloid accumulation increased in 
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cultures of Solanum aviculare where cell cycle progression was inhibited using a cell cycle 

arrest agent, again suggesting that the metabolic flux may be directed towards secondary 

pathways in non-proliferating cells (Mak and Doran, 1993). Research to date in plant 

systems has been able to identify a significant G0 population in culture and presents indirect 

evidence to suggest a function of this population, but has not been able to explicitly correlate 

the non-cycling cell population to other metabolic information. A multi-parametric flow 

cytometry study to simultaneously analyze non-cycling cells (G0 phase cells) and paclitaxel-

accumulating cells can reveal this relationship in the Taxus cell culture system, and warrants 

further investigation.

In summary, the MeJA-mediated repression of cell growth in Taxus cultures was shown to 

correlate with inhibition of cell cycle progression as evident both at the culture level through 

flow cytometric analyses and at the transcriptional level by repression of key cell cycle-

associated genes. The newly annotated Taxus cell cycle-associated genes will provide an 

importance resource for future cell cycle studies of both Taxus and related gymnosperms. 

The cell cycle progression patterns in culture closely parallel the transcriptional regulation 

of cell cycle-associated genes in MeJA-elicited and mock-elicited Taxus cell cultures. The 

results from this study advance fundamental understanding of the mechanism of action of 

secondary metabolite elicitors such as MeJA on repression of plant cell division. This result 

is especially important for species such as Taxus, where most research has been focused on 

improving paclitaxel synthesis with less attention paid to the negative effect of MeJA on 

growth and implications on bioprocessing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGE

Methyl jasmonate elicitation of Taxus cultures enhances paclitaxel accumulation but 

represses growth by inhibition of cell cycle progression. Growth repression is evident 

both at the culture level and transcriptional level.
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Fig. 1. 
Effect of MeJA elicitation on T. cuspidata P93AF cultures growth, taxane production and 

viability. (a) Biomass concentrations in MeJA-elicited cultures as compared to mock-elicited 

cultures. Reported values are the average of three biological replicates and error bars 

represent standard error of the mean (SEM). (b) Taxane levels as determined by UPLC in 

MeJA-elicited cultures. Note that mock-elicited cultures did not produce detectable levels of 

taxanes. Reported values are the average of three biological replicates and error bars 

represent SEM. (c, d) Viability of mock-elicited and MeJA-elicited cultures on day 16 (Row 

1), day 21 (Row 2), and day 24 (Row 3) of the culture period. Columns indicate brightfield 

(Column 1), FDA-stained (Column 2) and PI-stained (Column 3) images. Cultures were 

either mock-elicited or elicited with 150 µM MeJA on day 7 of the culture period
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Fig. 2. 
Effect of MeJA elicitation on induction of oligonucleosomal fragmentation in cultured T. 

cuspidata P93AF cells. The agarose gel shows DNA extracted from mock-elicited and 

MeJA-elicited cultures. M1, 100 bp marker; lane 1, mock-elicited (day 7); lanes 2, 3 and 4, 

mock-elicited cultures on day 11, 24 and 30 of culture period, respectively; lanes 5, 6, and 7, 

MeJA-elicited cultures on day 11, 24 and 30 of the culture period, respectively; M2, 1 kbp 

marker. Cultures were either mock-elicited or elicited with 150 µM MeJA on day 7 of the 

culture period
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Fig. 3. 
Cell cycle distribution in MeJA-elicited and mock-elicited T. cuspidata P93AF cultures. The 

percentage of cells in (a) G0/G1, (b) S, and (c) G2/M phases is shown. (d) Cell cycle 

analysis using the Watson Pragmatic Model of the FlowJo (v7.6) software. RNAse A (50 

µg/mL) treatment, followed by staining with propidium iodide (PI) (50 µg/mL) was 

performed to obtain DNA histograms. Reported values are the average of three biological 

replicates and error bars represent SEM. The asterisk (*) indicates a statistically significant 

difference (P < 0.05; paired Student's t test) between MeJA-elicited and mock-elicited 

conditions. Cultures were either mock-elicited or elicited with 150 µM MeJA on day 7 of the 

culture period
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Fig. 4. 
Progression of EdU pulse labeled cells in mock-elicited and MeJA-elicited cultures. Only 

EdU positive cells were selected from bivariate histograms of EdU/DNA content. Cultures 

were either mock-elicited or elicited with 150 µM MeJA on day 7 of the culture period. Four 

hours later 10 µM EdU was added to all cultures
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Fig. 5. 
Total EdU incorporation in mock-elicited and MeJA-elicited cultures. Circles represent 

mock-elicited cultures. Squares represent MeJA-elicited cultures. Cultures were either 

mock-elicited or elicited with 150 µM MeJA on day 7 of the culture period. Four hours later 

10 µM EdU was added to all cultures
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Fig. 6. 
Heat map showing expression patterns of significantly downregulated cell cycle related-

genes in MeJA-elicited cultures as compared to mock-elicited cultures. Hierarchical 

clustering was performed using average linkage and Euclidean distance as a measurement of 

similarity. Changes in gene expression were calculated based on the RPKM values of 

corresponding genes
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Table 1

Contigs expressed in Taxus cell cultures and annotated as cell cycle-related genes downregulated in MeJA-

elicited cultures relative to mock-elicited cultures at 18 hours post-elicitation.

Contig No. Sequence description Fold Change
(Normalized)

140962 E2F target protein 1 −163.64

121259 cell division control protein 6 homolog −143.52

65828 ccb22_orysj ame: G2 mitotic-specific cyclin-B2-2 −36.41

12355 probable G2 mitotic-specific cyclin −33.23

10406 cyclin dependent kinase regulator −26.23

11366 D2 4-type cyclin −19.75

68975 G2 mitotic-specific cyclin S13-6 −14.18

61510 D3-type cyclin −6.19

119383 cyclin dependent kinase B −5.46

118076 cell division control protein 45 homolog −5.21

19091 cell division cycle-associated 7-like isoform 2 −5.03

68106 B1-type cyclin dependent kinase −5.00

66244 cyclin-dependent kinases regulatory subunit −4.41

141136 cyclin A1 −4.35

18492 cyclin B 2 −4.17

62294 E2F protein −3.49

142510 antagonist of E2F–DP complex −3.26

9782 cyclin-dependent kinases regulatory subunit −3.14

11005 cell division cycle protein −3.05

12010 cyclin-dependent kinases regulatory subunit −2.89

75242 cyclin B3-1 −2.88

108329 cell division cycle protein −2.81

57179 cell division −2.74

105427 cell division cycle protein 48 homolog −2.72

91147 cell division cycle protein 48 homolog −2.60

113240 cell division control protein −2.57

134490 cell division cycle protein −2.56

99133 cell division cycle protein 48 homolog −2.55

100939 cell division cycle protein 48 homolog −2.51

10476 transcription factor E2F −2.50

103306 cell division cycle protein 48 homolog −2.43

110709 cell division cycle protein 48 homolog −2.41

97765 cell division control protein −2.39

134513 cell division cycle protein −2.37

127620 cell division cycle protein 48 homolog −2.37

109918 cell division cycle protein 48 homolog −2.35

112279 cell division cycle protein 48 homolog −2.35

105698 cell division cycle protein 48 homolog −2.34
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Contig No. Sequence description Fold Change
(Normalized)

106161 cell division control protein −2.33

59549 D2 4-type cyclin −2.31

116949 cell division cycle protein 48 homolog −2.26

111055 cell division cycle protein 48 homolog −2.18

107757 cell division cycle protein 48 homolog −2.18

109405 cell division cycle protein 48 homolog −2.11

102800 cell division cycle protein −2.07

13227 cyclin dependent kinase A −2.05

109272 cell division cycle protein 48 homolog −2.03

18149 cyclin-dependent kinase F-1 −2.00

100185 cell division cycle protein 48 homolog −2.00
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Table 2

Contigs expressed in Taxus cell cultures and annotated as cell cycle-related genes downregulated in MeJA-

elicited cultures relative to mock-elicited cultures at 72 hours post-elicitation.

Contig No. Sequence description Fold change
(normalized values)

141136 cyclin A1 −49.32

119383 cyclin dependent kinase B −44.40

65828 ccb22_orysj ame: G2 mitotic-specific cyclin-B2-2 −42.36

12355 probable G2 mitotic-specific cyclin −40.96

142510 antagonist of E2F–DP complex −40.53

68975 G2 mitotic-specific cyclin S13-6 −32.15

68106 B1-type cyclin dependent kinase −27.65

118076 cell division control protein 45 homolog −23.96

66244 cyclin-dependent kinases regulatory subunit −23.03

11005 cell division cycle protein −20.99

10406 cyclin dependent kinase regulator −14.94

140962 E2F target protein 1 −12.52

75242 cyclin B3-1 −9.86

9782 cyclin-dependent kinases regulatory subunit −8.81

79802 cell division cycle cofactor of APC complex −6.64

10476 transcription factor E2F −5.79

81095 anaphase-promoting complex subunit CDC20 −5.69

61510 D3-type cyclin −3.68

12010 cyclin-dependent kinases regulatory subunit −3.51

125598 cell division control protein −3.25

19091 cell division cycle-associated 7-like isoform 2 −3.12

18492 cyclin B 2 −2.99
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Table 3

Contigs expressed in Taxus cell cultures whose expression is downregulated 72 hours post-elicitation as 

compared to 18 hours post-elicitation in MeJA-elicited cultures.

Contig No. Sequence Description Fold Change
(normalized values)

119383 cyclin dependent kinase B −17.90

141136 cyclin A1 −13.62

66244 cyclin-dependent kinases regulatory subunit −13.34

68975 G2 mitotic-specific cyclin S13-6 −8.09

68106 B1-type cyclin dependent kinase −7.96

75242 cyclin B3-1 −6.74

12355 probable G2 mitotic-specific cyclin −5.50

79802 cell division cycle cofactor of APC complex −4.97

65828 ccb22_orysj ame: G2 mitotic-specific cyclin-B2-2 −4.79

81095 anaphase-promoting complex subunit CDC20 −4.06

9782 cyclin-dependent kinases regulatory subunit −3.62
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Table 4

Contigs expressed in Taxus cell cultures whose expression is upregulated 72 hours post-elicitation as 

compared to 18 hours post-elicitation in MeJA-elicited cultures.

Contig No. Sequence Description Fold Change
(normalized values)

11366 D2 4-type cyclin 16.25

11041 cyclin-dependent protein 3.50

59549 D2 4-type cyclin 2.55

107757 cell division cycle protein 48 homolog 2.19

100185 cell division cycle protein 48 homolog 2.18

112647 cell division cycle protein 48 homolog 2.15

109272 cell division cycle protein 48 homolog 2.13

145394 cell division control protein 2.12

113719 cell division cycle protein 48 homolog 2.04

92332 cell division cycle protein 48 homolog 2.04

101973 cell division cycle protein 48 homolog 2.04

107852 cell division cycle protein 48 homolog 2.01
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