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Abstract Mesocotyl elongation in rice is essential for seedling emergence. Our previous screening identified two weedy 
rice accessions (Oryza sativa f. spontanea L.) (WR04-6 and WR04-43) were with unusually long mesocotyl. In this study, 
using rice cultivar (Nipponbare, Oryza sativa L., subspecies temperate japonica) as a control, we found that at the middle 
and end of mesocotyl elongation, the predominant cortical microtubules (CMTs) in weedy rice are transversely oriented that 
related to cell elongation, while, cultivated rice had oblique MT arrays. Interestingly, more extensive MT depolymerization 
was observed in the early stage of mesocotyl elongation in weedy rice accessions than that in cultivated rice. Moreover, 
MT-destabilizing agent oryzalin treatment (25 nM) led to an increase of rice mesocotyl length, which is correlated with 
mesocotyl cell elongation. On the contrary, MT-stabilizing agent taxol led to a full inhibition of weedy rice mesocotyl 
growth. Further, oryzalin treatments resulted in an endogenous gibberellin (GA) increase and the high expression of GA 
biosynthesis related gene-GA20ox2, GA3ox2, and GIBBERELLIN-INSENSITIVE DWARF1 (GID1), and taxol treatments 
had an opposite effect on the change of GA content and the GA biosynthesis gene expression. By contrast, the early CMT 
depolymerization in the weedy rice mesocotyl elongation was not affected by the change of GA content. Our findings 
suggested that an early depleted form of CMTs is a main reason of unusually long mesocotyls in weedy rice, and it plays an 
important role in rice mesocotyl growth, which has a close relationship with an increase of endogenous GAs.
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Direct seeding technique is widely used in rice 
cultivation due to its high efficiency and convenience 
compared to traditional transplantation. Seedling 
emergence problems are the determinant factors for 
rice direct seeding (Chung 2010). Mesocotyl is the 
internode between the coleoptilar node and the seminal 
root and the elongation of mesocotyl plays an important 
role in seedling emergence (Dilday et al. 1990). Weedy 
rice (Oryza sativa f. spontanea) is the same species to 
cultivated rice (Oryza. sativa L.) and is also known 
as red rice (Londo and Schaal 2007; Xiao et al. 1996). 
Weedy rice is well-recognized as a direct-seeded rice 
for its strong adaptability and has been one of the most 
pervasive and destructive weed of rice fields throughout 
the world-firstly in Europe and the Americas, and now 
in Asia, as well as in parts of Africa (Reagon et al. 2010; 
Tang et al. 2011). Many U.S. red rice cultivars are closely 

related to indica subspecies on the basis of SSR analysis 
(Thurber et al. 2010; Vaughan et al. 2009). Some other 
studies have indicated that weedy rice in northern China 
(WRNC) is more closely related to japonica subspecies 
than to indica cultivars (Cao et al. 2006; Thurber et al. 
2010). Recently, further study proved that WRNC was 
similar to japonica cultivars based on a collection of 280 
WRNC accessions by genome-wide neutral markers 
(Sun et al. 2013). It is well-known that japonica cultivars 
usually have very short mesocotyls. Interestingly, 
previous study screened 93 WRNC varieties and 14 
cultivars showing that weedy rice varieties WR04-6 and 
WR04-43 have longer mesocotyls than the japonica type 
cultivated rice varieties (Wang et al. 2008). However, the 
mechanisms of mesocotyl elongation in japonica type 
weedy rice remain unknown and unsolved.

Mesocotyl length depends on the length and number 

Abbreviations: MTs, microtubules; CMTs, cortical microtubules; MAP, microtubule-associated protein; GID1, GIBBERELLIN-INSENSITIVE 
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of mesocotyl cells. Several plant hormones are also 
reported to influence mesocotyl elongation including 
auxin, gibberellins (GAs) and strigolactones. In the dark, 
the longer mesocotyls mainly result from the length 
change of mesocotyl cells (Hu et al. 2010; Schopfer et 
al. 2001). The increase of GA content was one of critical 
steps in promoting cell elongation in mesocotyls (Cao et 
al. 2005; Huang et al. 2010). Early studies indicated that 
application of exogenous GAs promotes the elongation 
of mesocotyls in maize and rice, which are involved in 
phytochrome regulation and GA-mediated cortical 
microtubule (CMT) array changes (Mita and Katsumi 
1986; Nick and Furuya 1993; Toyomasu et al. 1994), 
however, the extensive regulation mechanisms about GA 
biosynthesis in mesocotyl elongation are poorly known.

In rice, GA production pathway has been extensively 
studied and a list of genes and enzymes involved in this 
process were identified such as Gibberellin 20-oxidases 
(GA20ox family), Gibberellin 3-oxidases (GA3ox family) 
and Gibberellin 2-oxidases (GA2ox family). Previous 
results showed that the mutant of OsGA20ox2 (SD-1) and 
RNAi-mediated suppression of OsGA20ox1 expression 
shows a semi-dwarf phenotype (Spielmeyer et al. 2002). 
The over-expression of OsGA20ox1 gene causes a tall 
and GA-over-production phenotype (Oikawa et al. 
2004). Down-regulation of OsGA3ox2 transcript level 
induced by IAA causes a GA1 deficiency in cytoplasmic 
male sterile rice Zhenshan 97A (Itoh et al. 2001). 
These results indicate that GA20oxs and GA3ox2 play 
an important role on activating GAs biosynthesis. In 
contrast, GA2oxs play a negative role in GA production 
by inactivating endogenous bioactive GAs in vivo 
(Lo et al. 2008). In addition, in GA signaling network, 
GIBBERELLIN-INSENSITIVE DWARF1 (GID1) is the 
only soluble receptor discovered by the characterization 
of the GA-insensitive dwarfism gid1-1 mutant allele in 
rice (Ueguchi-Tanaka et al. 2005), which can promptly 
response to an increase of GAs.

Plant microtubules (MTs) are involved in cell 
elongation, expansion, division, and plant morphogenesis 
(Buschmann and Lloyd 2008; Ehrhardt and Shaw 2006; 
Smith and Oppenheimer 2005; Thitamadee et al. 2002; 
Vassileva et al. 2005). Plant cortical microtubules (CMTs) 
are involved in plant physiological activities by change of 
CMT array and stability (Bossing et al. 2012; Ishida and 
Katsumi 1991; Liu and Lu 2000; Nick and Furuya 1993). 
It is generally accepted that CMTs array influences the 
direction of plant cell elongation by orientating cellulose 
fibrils and cellulose fibril arrays, thereby influencing 
the mechanical properties of the cell wall (Baskin 2005; 
Lloyd and Chan 2008; Paredez et al. 2006; Somerville 
2006). Net-like CMT arrays are often observed in cells 
that exhibit isotropic cell expansion. Parallel MT arrays, 
which are organized transversely to the plant growth axis, 
are associated with anisotropic cell expansion (e.g., axial 

cell growth). In rice, transverse CMTs are more frequent 
in longer mesocotyl cells in indica-type than that in short 
mesocotyl cells in japonica-type seedlings (Toyomasu et 
al. 1994). In cell elongation, the transverse orientation 
of CMTs was mainly attributed to the induction of GA 
signaling (Sawano et al. 2000; Wenzel et al. 2000). The 
regulators that bind MTs in vivo are collectively called 
microtubule-associated proteins (MAPs). Recent reports 
revealed that CMT instability mediated by two MAPs 
(WDL3 and MDP40) increases hypocotyl cell elongation 
in Arabidopsis (Liu et al. 2013; Wang et al. 2012), 
suggesting that instability of CMTs is also involved in cell 
elongation.

In this study, we found that rice mesocotyls and 
mesocotyl cells elongation can be completely inhibited 
by MT-stabilizing agent (taxol) and promoted by MT-
destabilizing agent (oryzalin). And the early and wide 
CMT depolymerization only appears in long weedy 
rice mesocotyls, which is related to an endogenous 
GA increase. Our results demonstrate that an early 
disorganized of CMTs related to an increase of GAs plays 
an important role in the rice mesocotyl elongation, which 
is beneficial for understanding the mechanisms of the rice 
mesocotyl growth, and the mechanisms of GA production 
and CMT instability in regulating cell elongation.

Materials and methods

Plant materials and growth conditions
Weedy rice varieties (Oryza sativa f. spontanea) WR04-6, 
WR04-43 and the control group cultivar Nipponbare (Oryza 
sativa L. subspecies temperate japonica) were used in this study. 
Fifteen healthy seeds were placed on two layers of germinating 
paper in a Petri dish (6 mm diameter). Five milliliter of 
oryzalin (25 nM, 100 nM), taxol (1, 2, 3 µM), 1.25 µM GA3, 
25 nM oryzalin+1.25 µM GA3 or 1 µM taxol+1.25 µM GA3 
were added to each Petri dish. Distilled water was used as 
control group. Each treatment was replicated for 6 times. The 
Petri dishes were wrapped with aluminum foil and kept in 
growth chamber under dark conditions at 30°C. The length of 
mesocotyls in rice seedlings in each group were recorded every 
6 h during the period of 78–144 h.

Measurement of mesocotyl cell length
Twenty seedlings were sampled to measure cell length from 
each of weedy rice and cultivar rice, according to the method 
described by Hu et al. (2010). The mesocotyl were cut into 8 
to 10 µm thick vertical section and were stained by propidium 
iodide (50 ng·ml−1). Then, a Zeiss LSM780 confocal microscope 
was used to observe the length of mesocotyl cell. The 
excitation wavelength was 543 nm and emission wavelength 
was 560–615 nm (Wang et al. 2007a). The lengths of 200 cells 
located in the upper, middle and basal part of the mesocotyls 
were measured and the average cell length was subsequently 
calculated.
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Real-time quantitative PCR (qRT-PCR) analysis
Total RNA from mesocotyl was extracted using RNA prep pure 
plant kit (Promega) according to the manufacture’s instruction 
and dissolved in RNase-free water. First-strand cDNA was 
synthesized using Quantscript RT Kit (Invitrogen). RT-PCR 
was performed on the Applied Biosystems 7500 using Real 
Master Mix (SYBRGreen) kit (Invitrogen). The PCR program 
was 95°C for 2 min, followed by 40 cycles at 95°C for 15 s, 69°C 
for 35 s (Zhu et al. 2007). The gene expression of GA2ox1-9, 
GA20x2, GA3ox2, and GID1 were evaluated and 18S rRNA 
gene was used as reference gene. Three replicates were used. 
The primer sequences were listed in Supplementary Table S3.

Quantification of endogenous GAs
Seeds were germinated and grown with distilled water, 25 nM 
oryzalin, and 1 µM taxol. Seedlings were harvested at 84, 96 and 
144 h. Three gram (g) of mesocotyls was harvested from the rice 
seeding for GA measurements. Quantification of endogenous 
GAs was conducted and analyzed as previously described 
by Chen et al. (2012). Three replicates were set up for each 
treatment.

Confocal immunofluorescence microscopy for 
microtubule dynamics in mesocotyls
Plant materials were fixed in 1.5% paraformaldehyde and 
0.5% glutaraldehyde in PEMS buffer for 1 h. The PEMS buffer 
contains 2.5% dimethylsulfoxide (DMSO), 50 mM PIPES, 
1 mM EGTA, 1 mM MgSO4, and 0.15% Triton X-100. The 
materials were then washed three times with PEMT solution 
and digested with wall-digesting enzymes (1% cellulase +0.5% 
pectase+0.4 M mannitol) at 37°C for 50 min. After enzyme 
treatment, the samples were rinsed in PEM buffer (50 mM 
PIPES, 1 mM EGTA, 1 mM MgSO4) for three times and twice 
in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4·12H2O, 
2 mM KH2PO4). The plant materials were then incubated 
in anti-β-tubulin diluted 1 : 200 in PBS overnight at 4°C, 
rinsed three times with PBS and further incubated in TRITC 
conjugated sheep anti-mouse antibody diluted 1 : 500 in 
PBS for 3 h in the dark. The samples were rinsed three times 
with PBS and mounted on the slides. Microtubule-associated 
fluorescence was examined using a Zeiss LSM780 confocal 
microscope. The excitation wavelength is 543 nm and emission 
wavelength is 560–615 nm (Zhang et al. 2011). The clearest part 
of 20 µM long in every cell was chose to measure the number 
and frequency of MTs using ImageJ software, and the average 
of the MT lnumbers and frequency in 10 cells was subsequently 
calculated as a replication. Three replications were performed.

Measurement of microtubule number and 
frequency
The method of microtubule number was according to Wang et 
al. (2012) and frequency was measured and analyzed according 
to Kirik et al. (2012).

Statistical analysis
Three technical replications for three biological replicates were 
at least performed for each sample in all experiments. Data 
were analyzed as one-way ANOVA experiment using the SAS/
STAT statistical analysis package (version 6.12; SAS Institute, 
Cary, NC, USA). * and ** indicates significant differences 
in comparison to cultivated rice at p<0.05 and p<0.01, 
respectively. Tukey’s HSD (Honestly Significant Difference) 
test was used to perform multiple comparisons. Groups labeled 
with different letters (a, b, c) on the top indicate that there were 
significant differences. All the confidence is p<0.01.

Results

CMT destabilization induced the mesocotyl 
growth in cultivated and weedy rices by 
pharmacological treatments
CMT dynamics play an important role in the growth of 
hypocotyls in Arabidopsis (Liu et al. 2013; Wang et al. 
2012). To determine whether weedy rice mesocotyl 
elongation is related to CMT dynamics, effects of CMT 
dynamics on the rice mesocotyl elongation are firstly 
tested by the pharmacology. Rice (cultivated rice, WR04-
6 and WR04-43) seeds were germinated and grown on 
germinating paper containing MT-destabilizing reagent 
oryzalin (25 nM) that can specially destabilize the CMTs 
in the cells (Baskin et al. 1994; Liu et al. 2013; Wang et 
al. 2007b, 2012), MT-stabilizing reagent taxol (1, 2, or 
3 µM) that can specially stabilize the CMTs in the cells 
(Baskin et al. 1994; Wang et al. 2007b) or water as a 
control for 144 h (6 days). In all groups the mesocotyls 
of rice seedlings began to elongate after 78 h, and 
fast elongated up to 96 h (Fig. 1). The elongation of 
mesocotyl was slowed down from 96 to 144 h (Fig. 1), 
and stopped (data not shown). Our results showed that 
the mesocotyl length was 2.50±0.22 mm of cultivated 
rice, 26.02±1.70 mm of WR04-6, and 19.94±1.09 mm 
of WR04-43 at 144 h (Fig. 1), demonstrating that the 
mesocotyls of weedy rice varieties were approximately 8 
to 10 times longer than that of japonica type cultivated 
rice, as shown in our previous report (Wang et al. 2008).

Further observation showed that low concentration 
of MT-destabilizing drug oryzalin (25 nM) significantly 
increased the length of mesocotyls in both weedy 
and cultivated rice plants (Fig. 1), suggesting that the 
instability of CMTs might be beneficial for the mesocotyl 
elongation of rice. On the contrary, taxol significantly 
inhibited the length of mesocotyls in both weedy and 
cultivated rice. For example, 1 µM taxol completely 
inhibited the mesocotyl growth of cultivated rice and 
partly effected the weedy rice. As the concentration of 
taxol was increased to 3 µM, the mesocotyls of both 
WR04-6 and WR04-43 stopped growing, further 
suggesting that the rice mesocotyl elongation might 
require the instability of MTs.
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CMT destabilization induced the mesocotyl 
cell elongation in cultivated and weedy rices by 
pharmacological treatments
Dark-induced changes of mesocotyls are almost 
completely synchronized with cell elongation (Hu et al. 
2010; Schopfer et al. 2001). Previous reports showed that 
MT dynamics are also involved in cell elongation (Burk 
et al. 2001; Catterou et al. 2001; Liu et al. 2013; Wang 
et al. 2012). To test the hypothesis that the increase of 
mesocotyl length results from cell elongation and the 
relationship with dynamics of CMTs, we measured the 
cell length in middle part of the mesocotyls in cultivated 
rice, WR04-6 and WR04-43 at 84, 96, and 144 h with 
or without oryzalin or taxol treatments (Fig. 2). Middle 
part of mesocotyls was sampled, since it is the main part 
of mesocotyls determining the length of our varieties’ 
mesocotyls (Supplementary Fig. S1) and of hypocotyls 
in Arabidopsis (Liu et al. 2013). In normal conditions, 
mesocotyl cell lengths of WR04-6 and WR04-43 were 
longer than that of cultivated rice (Fig. 2A–C). Taxol 
treatments significantly decreased the mesocotyl cell 
lengths in both weedy and cultivated rice, while oryzalin 
treatments showed a contrary effect (Fig. 2A–C). 
Pearson correlation analysis showed that the increase of 

mesocotyl length was significantly correlated with the 
elongation of the cell induced by MT-depolymerizing 
drug oryzalin (p<0.01) (Fig. 2D). The results suggested 
that rice mesocotyl cell elongation might be related to 
CMT depolymerization, and CMT-regulated mesocotyl 
growth might mainly result from mediating the 
mesocotyl cell elongation.

Early and obvious CMT depolymerization was 
found during the mesocotyl elongation in weedy 
rice
Based on the results of pharmacology, the stability and 
arrays of CMTs in rice mesocotyl cells from 80 to 144 h 
were directly observed through immunofluorescence 
(Fig. 3). Our observations showed weedy rice and 
cultivated rice were significantly different in the stability 
and arrays of CMTs (Fig. 3). For both cultivated and 
weedy rice, CMTs showed fewer numbers of MTs at 
84 h, then changed more at 96 h. (Fig. 3A, B), then 
remained the most numbers until 144 h (Fig. 3A, B). 
However, the fewest and the most numbers of CMT 
were obviously different in cultivated and weedy rice. 
For example, the fewest and the most number were 
13±1 and 17±2, respectively, in cultivated rice, and 
7±1 (WR04-6), 8±1 (WR04-43) and 29±2 (WR04-
6) and 27±2 (WR04-43) respectively, in weedy rice 
(Fig. 3A, B), demonstrating that the weedy rice had an 
obvious change in the CMT number in the mesocotyl 
elongation compared to cultivated rice, demonstrating 
that the weedy rice had obviously early depolymerization 
and later re-polymerization of CMTs. From the respect 

Figure 2. Effect of MT dynamics on mesocotyl cell length in 
cultivated and weedy rice. Seeds were germinated and grown with 
distilled water, 25 nM oryzalin or 1 µM taxol. Seedlings were collected 
at 84, 96 and 144 h. About 200 cells were chosen in each group and 
the average cell size was calculated (n=20). (A–C) Cell length was 
measured in middle part of the mesocotyl of cultivated rice, WR04-6 
and WR04-43 at 84 (A), 96 (B) and 144 h (C). (D) Correlation between 
the increase of cell length as the treatment of oryzalin and the increase 
of mesocotoyl length. Mean±standard error of the mean are shown. 
Bars with different letters on the top are significantly different at 0.01 
probability level. Honestly significant difference (HSD) test was used to 
perform multiple comparisons (p<0.01).Figure 1. Effect of MT dynamics on mesocotyl elongation in 

cultivated and weedy rice. (A) The phenotype of mesocotyl length was 
observed in cultivated rice, WR04-6 and WR04-43 at 84, 96 and 144 h 
treated by distilled water (control), 25 nM oryzalin or 1 µM taxol. The 
cultivars are cultivated rice (left), WR04-6 (middle) and WR04-43 
(right) in every image. Red arrows show the position of the coleoptile 
node. Scale bar=1 cm. (B) The mesocotyl length was measured from 
78 to 144 h by distilled water, 25 nM oryzalin, 1, 2, or 3 µM taxol in 
cultivated rice (left), WR04-6 (middle) and WR04-43 (right) after 
different treatments. Data are mean±SD (n=6).
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of CMT arrays, CMTs were obliquely reoriented to 
the transversely growth axis in mesocotyl cells of both 
cultivated and weedy rice, demonstrating that there was 
a change from an oblique to relative transverse array in 
the rice mesocotyl growth. However, CMTs were less 
oblique in weedy rice than that in the cultivated rice in 
the whole process of the mesocotyl elongation (Fig. 3A, 
C). Remarkably, after 96 h, CMTs were almost transverse 
in the weedy rice (Fig. 3A, C), illustrating the weedy rice 
had an obviously transverse array of CMTs in the later 
mesocotyl elongation. It is well-known that transverse 

CMTs are a positive correlation with the length of cells 
(Burk et al. 2001), so transverse arrays in weedy rice 
play an important role on mesocotyl cell elongation. 
Interestingly, our previous results of the pharmacology 
showed the MT depolymerization is required for 
mesocotyl and mesocotyl cell elongation, so the early and 
fierce CMT disruption might also be a key step in weedy 
rice mesocotyl elongation.

CMT destabilization induced an increase of 
gibberellins (GAs) during the mesocotyl growth 
in cultivated and weedy rices by pharmacological 
treatments
Plant hormone GAs are known to promote rice 
mesocotyl growth by regulating cell growth (Burk and 
Ye 2002; Mita and Katsumi 1986; Zhao et al. 2010). 
GA signaling is also closed with CMT dynamics. For 
example, GA increase can induce the CMT transverse 
array (Ishida and Katsumi 1991; Komorisono et al. 
2005). Thus, we suppose that the effect of CMT dynamics 
on weedy rice mesocotyl elongation might have a 
relationship with GA signal pathway. To examine the 
supposition, we investigated the endogenous GA content 
at 84, 96, and 144 h in rice mesocotyl elongation. GA19 
was chosen to evaluate GA content changes, due to 
GA19 content is consistently the highest among all kinds 
of GAs in our rice varieties (Supplementary Table S2), 
which is consistent to the finding of Li et al. (2011). We 
found that the content of endogenous GA19 maintained 
the higher level in weedy rice than in cultivated rice 
during the whole mesocotyl growth, suggesting that 
long mesocotyls in weedy rice might result from the 
high endogenous GA content. The highest content of 
GA19 was observed at 84 h in both weedy and cultivated 
rice, suggesting that GA production in rice mesocotyl 
elongation is an early event, similarly to the early CMT 
disruption.

In order to confirm whether CMT dynamics cause 
the changes of GA content, we test the GA19 content 
by oryzalin and taxol treatments. The results found 
that oryzalin treatments induce the significant increase 
of GA19 content in the whole mesocotyl growth in 
both weedy and cultivated rice. On the contrary, taxol 

Figure 3. CMT stability and arrays during mesocotyl elongation 
in the cultivated and weedy rice. Seeds were germinated and grown 
with distilled water. (A) The images of CMT stability and arrays were 
observed in cultivated rice and WR04-6, WR04-43 during mesocotyl 
elongation at 84, 96 and 144 h. Scale bar=10 µm. Number (B) and 
frequency (C) of CMTs were measured by ImageJ software (n=30 cells 
from each sample) in cultivated rice and WR04-6, WR04-43 during 
mesocotyl elongation. ** indicated the significant difference compared 
with cultivated rice group (p<0.01).

Figure 4. Endogenous GA19 content and its change affected by MT dynamics on during mesocotyl elongation in cultivated and weedy rice. Seeds 
were germinated and grown with distilled water, 25 nM oryzalin, or 1 µM taxol. Seedlings were harvested at 84 (A), 96 (B) and 144 h (C). Water was 
used as control. All the values mean±SD (n=3). Data followed by different letters in columns significantly different at 0.01 probability level. HSD test 
was used to perform multiple comparisons of treatments.
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treatments decreased the GA19 content (Fig. 4). These 
results suggested that CMT disassembly might induce a 
GA increase in rice mesocotyl elongation.

CMT destabilization induced the expression of 
genes involved in GA biosynthesis during the 
mesocotyl growth in cultivated and weedy rices 
by pharmacological treatments
To further understand the regulation of GA increase by 
CMT dynamics, the expression of genes related to GA 
biosynthesis and signaling network was investigated 
using qRT-PCR during rice mesocotyl elongation 

stage treated with CMT drugs. 12 key genes in GA 
biosynthetic and signaling pathways including 9 genes 
in GA2-oxidase family (GA2ox1 to GA2ox9), GA20ox2, 
GA3ox2, and GID1 were selected (The gene name and 
primer sequences were listed in Supplementary Table S3. 
GA2oxs are involved in GAs catabolism and inactivate 
GAs through 2β-hydroxylation (Lo et al. 2008). GA20ox2 
and GA3ox2 play an important role in GA biosynthesis 
and GID1 is involved in sensing and transducing GA 
signal (Hedden and Phillips 2000; Itoh et al. 2001; 
Spielmeyer et al. 2002; Suzuki et al. 2005; Wu et al., 
2011). Our results demonstrated that the expression of 

Figure 5. Effect of MT destabilizing agents on the expression of GA related genes during mescotyl elongation in cultivated and WR04-6 weedy 
rice. Seeds were germinated and grown with either distilled water or 25 nM oryzalin. Seedlings were harvested at 84, 96 and 144 h and total RNA was 
extracted from mesocotyls. The expression of genes in cultivated rice at 84 h was set to 1. The gene expression for the other treatments in the figure 
was the relative amount compared with 1. 18S rRNA gene was used as internal control. All the values were mean±SD (n=3).

Figure 6. Effect of MT destabilizing agents on the expression of GA related genes during mesocotyl elongation in cultivated and WR04-43 weedy 
rice. Seeds were germinated and grown with either distilled water or 25 nM oryzalin. Seedlings were harvested at 84, 96 and 144 h and total RNA was 
extracted from mesocotyls. The expression of genes in cultivated rice at 84 h was set to 1. The gene expression for the other treatments in the figure 
was the relative amount compared with 1. 18S rRNA gene was used as internal control. All the values were mean±SD (n=3).
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all the genes, including GA2oxs, GA3ox2, GA20ox2 and 
GID1 was higher in weedy rice than that in cultivated 
rice and oryzalin treatments inhibited the expression 
of almost GA2oxs and taxol played a contrary role in 
both weedy and cultivated rice (Figs. 5–8), suggesting 
that CMT depolymerization extensively regulated the 
expression of GA2oxs. Remarkably, oryzalin treatments 
significantly induced the expression of GA20ox2, 
GA3ox2, and GID1 in both weedy and cultivated rice, 
more significant for the weedy rice and taxol treatments 
had a contrary role (Figs. 5–8), suggesting that CMT 
depolymerization widely might regulate the expression 
of GA biosynthesis and catabolism genes, especially 

strongly inducing the expression of GA biosynthesis 
genes in the rice mesocotyl growth.

The early and obvious CMT depolymerization 
in the weedy rice mesocotyl elongation wasn’t 
affected by the change of GA content
In order to confirm whether the changes of GA content 
cause CMT dynamics or not, we observed that the CMT 
dynamics in GA3 or paclobutrazol (PP333, gibberellin 
inhibitor) treatments in the rice mesocotyl elongation. 
The results showed that the transverse arrays of CMTs 
in the weedy rice were obviously broken by PP333 at 
the later process of mesocotyl elongation, (Fig. 9), and 

Figure 7. Effect of MT-stabilizing agents on the expression of genes involved in GA related genes during mesocotyl elongation in cultivated and 
WR04-6 weedy rice. Seeds were germinated and grown with either distilled water or 1 µM taxol. Seedlings were harvested at 84, 96 and 144 h and total 
RNA was extracted from mesocotyls. The expression of genes in cultivated rice at 84 h was set to 1. The gene expression for the other treatments in the 
figure was the relative amount compared with 1. 18S rRNA gene was used as internal control. All the values were mean±SD (n=3).

Figure 8. Effect of MT-stabilizing agents on the expression of genes involved in GA related genes during mesocotyl elongation in cultivated and 
WR04-43weedy rice. Seeds were germinated and grown with either distilled water or 1 µM taxol. Seedlings were harvested at 84, 96 and 144 h and 
total RNA was extracted from mesocotyls. The expression of genes in cultivated rice at 84 h was set to 1. The gene expression for the other treatments 
in the figure was the relative amount compared with 1. 18S rRNA gene was used as internal control. All the values were mean±SD (n=3).
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GA3 obviously induced the CMT transverse arrays 
in cultivated rice at the later process of mesocotyl 
elongation (Fig. 9), suggesting that the changes of GA 
content had an obvious effect on the transverse arrays of 
the CMT in the later rice mesocotyl growth. However, 
GA3 and PP333 treatments did not obviously affect the 
CMT depolymerization of mesocotyls at 84 h in both the 
weedy and cultivated rice (Fig. 9), suggesting that the 
early CMT instability might be not affected by the change 
of GA content in rice mesocotyl elongation.

Discussion

It is generally accepted that the organizational state of the 
plant CMT array influences the expansion of the plant 
cell (Baskin 2001; Lloyd 2011). CMT stability plays a 
vital role in remodeling CMT arrays in plant cells. Some 
evidences have shown that destabilization of CMTs 
results in inhibition of cell elongation (Le et al., 2005; Li 
et al., 2011). However, recent reports support that CMT 
instability is beneficial to cell elongation (Liu et al. 2013; 
Wang et al. 2012). Therefore, it remains unclear how 
stability and instability of CMT differentially contribute 
to the status of cell growth. Our previous research found 
that weedy rice WR04-6 and WR04-43 have about 8 to 
10 times longer mesocotyls than normal cultivated rice 
cultivar (Wang et al. 2008). In this study, we found an 

early disorganized of CMTs related to an endogenous 
GA increase plays an important role in rice mesocotyl 
elongation.

In general, CMT arrays are arranged alignment 
perpendicular to the cell’s growth axis and this 
dictates the growth anisotropy in rapidly elongating 
cells with diffuse growth (Baskin 2001; Lloyd 2011). 
Some previous results found cell elongation related 
with arrangement of CMTs. For example, AN gene 
regulates the polarity of cell growth by controlling the 
arrangement of CMTs in Arabidopsis (Kim et al. 2002). 
In rice, more transverse arrays are observed in cells of 
long mesocotyls in indica subspecies than that of short 
mesocotyls in japonica subspecies, suggesting that the 
similar CMT array phenomenon is also found in rice 
mesocotyl cells (Toyomasu et al. 1994). In our study, 
we also found that CMT assays in longer weedy rice 
mesocotyls differed from those of shorter cultivated rice 
mesocotyls. Compared with cultivated rice, weedy rice 
mesocotyls had an obvious transverse orientation in the 
later mesocotyl elongation, especially, transverse arrays of 
CMTs were almost observed after 96 h in the weedy rice 
mesocotyl growth (Fig. 3), demonstrating the unusually 
long mesocotys in weedy rices is a close relationship with 
CMT dynamics and arrays.

Interestingly, our findings showed that compared 
with cultivated rice, weedy rice had an early and obvious 
CMT depolymerization plays an important role in the 
mesocotyl growth. Further, the cultivated rice can get 
the long mesocotyls by oryzalin treatments. The results 
suggested that the effect of CMT destabilization on 
rice mesocotyl elongation might be normal regulation 
mechanisms. Some recent reports have also supposed 
that the instability of CMTs plays a positive role in cell 
expansion. For example, in Arabidopsis, WDL3 (WAVE-
DAMPENED 2–LIKE3) a MT regulatory protein of 
the WVD2/WDL family, the CMT depolymerization 
of WDL3 RNAi is more sensitive compared to WT 
and over-expression plants (Liu et al. 2013), and the 
hypocotyls and hypocotyl cells in WDL3 RNAi are 
significantly longer than those in WT and the over-
expression of WDL3 plants (Liu et al. 2013). A more 
direct evidence is that MDP40, as a CMT depolymerizing 
protein, is a positive regulator of hypocotyl cell 
elongation (Wang et al. 2012). The hypocotyls and 
hypocotyl cells in MDP40 RNAi are significantly 
shorter than those in WT. On the contrary, some 
previous evidenced has shown that depolymerization 
of CMTs results in an inhibition of cell elongation and 
cell elongation rate (Baskin et al. 2004; Le et al. 2005). 
Our results also showed that the high concentration of 
oryzalin (100 nM) also can decrease the cell length in 
rice mesocotyles (Supplementary Table S1), the similar 
with the previous result (Baskin et al. 2004). Because 
the previous results (Wang et al. 2012) and our results 

Figure 9. Effect of GA content on CMT dynamics during mesocotyl 
elongation in cultivated and weedy rice. (A) The images of CMT 
dynamics and arrays were observed in cultivated and weedy rice treated 
by distilled water, 1.25 µM GA3 or 3 µM PP333 during mesocotyl 
elongation at 84 or 96 h. Scale bar=10 µm. Number (B and C) and 
frequency (D and E) of CMTs in all treatments were measured by 
ImageJ software (n=30 cells from each sample). Mean±SD is shown.
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(Fig. 3) showed that both an early MT destabilization 
and a later MT stabilization were detected in Arabidopsis 
hypocotyl and rice mesocotyl elongation, both the CMT 
destabilization and stabilization play an important role in 
the cell elongation. Here, we further demonstrated that 
CMT destabilization plays an important role in the rice 
mesocotly growth.

GAs are essential factors in regulating the rice 
mesocotyl growth (Cao et al. 2005; Huang et al. 2010). 
Compared with cultivated rice, weedy rice has more 
GA content, suggesting that the GA content is related 
to the long weedy rice mesocotyls. The previous reports 
have demonstrated that an increase in GA leads to 
a modification of CMT orientation into a transverse 
array in a range of different cell types (Baluška et al. 
1993; Hooley 1994; Inada and Shimmen 2000; Ishida 
and Katsumi 1991; Wenzel et al. 2000; Zandomeni and 
Schopfer 1993). Additionally, in the GA-deficient maize 
d5 dwarf, CMTs are also observed oblique arrays can 
be restored to the WT transverse orientation on GA 
application, which leads to normal growth (Baluška 
et al. 1993). Thus, in our results, the later transverse 
orientation MT in the long weedy rice mesocotyl might 
result from an early and significant increase of GA 
content.

In addition, our results showed that CMT 
depolymerization accompanied with the increase 
of endogenous GA content in the early weedy rice 
mesocotyl elongation (Fig. 4). By pharmacology analysis, 
CMT depolymerization obviously induced the increase 
of endogenous GA content, and CMT polymerization 
obviously decrease the endogenous GA content in rice 
mesocotyls, suggesting that CMT depolymerization 
plays a role in affecting the GA content. GA20ox2 and 
GA3ox2 play an important role in GA biosynthesis and 
GID1 is involved in sensing and transferring GA signal 
(Hedden and Phillips 2000; Itoh et al. 2001; Spielmeyer 
et al. 2002). Our results showed that CMT disruption 
widely regulated the expression of GA related genes, 
especially significantly induced the expression of 
GA20ox2, GA3ox2, GID1 (Figs. 5, 6). Therefore, the 
CMT disruption induced the high expression of these 
genes may be a main factor in resulting in the increase 
of GA content. Interestingly, our results showed that 
the change of GA content did not affect early CMT 
depolymerization in weedy rice mesocotyls (Fig. 9), 
suggesting that the early CMT depolymerization might 
not result from a GA content increase.

The dynamics and array organization of CMTs 
are mainly regulated by MAPs (Hashimoto 2003). 
One previous report showed that BC12/GDD1, a 
kinesin-like protein with transcription regulation 
activity, mediates cell elongation by regulating the GA 
biosynthesis pathway in rice (Li et al. 2011). Thus, the 
CMT disruption induced the high expression of these 

genes might results from some MAPs involved in the 
weedy rice elongation. For example, Katanin is conserved 
in plants and its MT severing abilities were confirmed 
(Burk and Ye 2002; Stoppin-Mellet et al. 2003), and in 
rice, 52 kinesin homologues are also MT destabilizing 
factors (Guo et al. 2009; Moores and Milligan 2006), 
and 3 OsCLASP and 2 OsEB1 that are MT plus end-
binding proteins (+TIPs) might negatively regulate CMT 
disruption in the weedy rice mesocotyl elongation (Guo 
et al. 2009). Therefore, the other mechanisms involved 
in MAPs regulated rice mesocotyl elongation need be 
detected in the future.
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Supplementary data 

Supplementary Fig. S1 Cell length of different mesocotyl parts in cultivated and weedy rice.  

Seeds were germinated and grown with distilled water. Seedlings were collected at 144 h. About 

200 cells were chosen in each group and the average cell size was calculated (n = 20). Cell 

length was measured in upper, middle, and basal part of the mesocotyl of cultivated rice, WR04-

6 and WR04-43 at 144 h. 

Supplementary Table S1 Effect of MTs-disrupting reagents on rice mesocotyl elongation 

Varieties Time (h) H2O Oryzalin (100 nM) 

Cultivated rice 

84 0.21±0.014 0 

96 1.25±0.132 0.51±0.281** 

144 2.50±0.225 0.77±0.155** 

WR04-6 

84 8.54±1.833 5.16±1.233** 

96 22.21±2.136 16.31±0.586** 

144 26.02±1.697 22.05±1.315** 

WR04-43 

84 6.83±1.241 4.01±0.3954** 

96 17.44±1.932 13.82±0.957** 

144 19.94±1.099 16.15±0.758** 

Note: Determined data were represented as mean ± SD. ** indicated the significant difference compared 
with water control group (p < 0.01) 
 

Supplementary Table S2 Endogenous GAs content at 84 h of rice mesocotyl growth (ng/g F.W.)

Varieties GA1 GA4 GA9 GA12 GA19 GA20 GA53 

Cultivaed 
rice N.D. N.D. N.D. N.D. 3.91±0.55 B 0.12±0.02 B 0.20±0.03 C 

WR04-6 N.D. 0.03±0.01 N.D. N.D. 12.72±0.69 A 0.32±0.02 A 0.53±0.01 A 

WR04-43 N.D. 0.04±0.01 N.D. N.D. 12.68±0.58 A 0.30±0.03 A 0.47±0.02 B 

Note: N.D. : not detected  All the values mean ± SD. 

 



Supplementary Table S3 Primers used in this study 

Gene name Forward primer (5'---3') Reverse primer (5'---3') 

18S CCATAAACGATGCCGGA CACCACCCATAGAATCAAGA 

GA2ox1 CCACAATATACTTCGCATCACCAC CCGTCAACTTAGGCACTACACC 

GA2ox2 GCTTCGGCGTCGTCTC TCACCAACACTGCTCTCG 

GA2ox3 TGAGCGCGCTGGTGACGGCGGA CTTGATTTGTAGGCAGCCTTC 

GA2ox4 CCGATCAATTCTTTGGTGAAG AATGTTTGGTACAACCGTGGC 

GA2ox5 ACCTGAACCTTCTACCTACTACC GTCTTGTGCTGGCTATTGATTAG 

GA2ox6 ATAAGCCTCTCGCCTAC CACGCCTTCCTCTCC 

GA2ox7 GGGAAACAAGTGAACGTGAGT GAGAAACCTGGACAAGCCTAC 

GA2ox8 CGGAATCAGAGGCATTAGC CCACCTTTGGGTTCGTCAT 

GA2ox9 TTAGAATAGAGAGGGTTTCAGGTC GGCACGGCGGGTAGC 

GA3ox2 TCTCCAAGCTCATGTGGTCCGAGGGCTA TGGAGCACGAAGGTGAAGAAGCCCGAGT 

GA20ox2 TCAATATTGGTGACACTTTCAT GATGGGATTGTTGTTGGTAATA 

GID1 CTATACTACTGCTGCTGCTTGG ATGGAGAAGATGGATGGAATGC 
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