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ABSTRACT 

Seed priming is a physiological seed enhancement method. Hydro- or osmotic priming can advance germination under 
adequate moisture conditions. During direct seeding on well-drained paddy and upland fields, rice seeds occasionally 
encounter low soil moisture conditions. Under these conditions, rice seeds need to undergo rapid germination and se- 
cure emergence through improved water absorption capacity and seed bioactive. This study aims to clarify the effects of 
seed hydropriming on germination and seedling vigor in rice under different soil moisture conditions. The study em- 
ployed three hydration conditions such as priming, soaking, and control. The seeds to be primed and soaked were sub- 
merged in tap water at 30˚C for 12 h. For priming, the seeds were subsequently dried to attain their initial seed weight, 
but the seeds for soaking were not dried before sowing, and the control seeds were untreated. In addition, different soil 
moisture conditions, such as 3%, 6%, 8%, 11%, 15%, and 20%, were set. Therefore, emergence time shortened with 
seed priming at 3% - 11% soil moisture contents. In particular, at 8% soil moisture content, priming and soaking de- 
creased emergence time by 26.8 h and 21.7 h, respectively compared with that of the control. At 8% - 15% soil moisture 
contents, shoot elongation rate obtained with the priming seeds increased >1.2 times compared with that obtained with 
the control and soaking seeds. At >8% soil moisture content, shoot dry weight obtained with the priming seeds in- 
creased >1.3 times compared with that obtained with the soaking seeds. Furthermore, at declining soil moisture condi- 
tions, the increase in root dry weight is promoted by seed priming compared with that in the control seeds. These results 
suggest that increased root growth affects plant water absorption under low soil moisture conditions due to priming. 
This study demonstrates that seed priming facilitates rapid emergence and seedling vigor, unless extremely dry or 
flooded soil moisture conditions are present at seeding. 
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1. Introduction 

Seed priming, which is also called seed hardening, is a 
physiological seed enhancement method [1]. Heydecker 
(1973) defined seed priming as a presowing treatment in 
which seeds are soaked in an osmotic solution that allows 
them to imbibe water and go through the first stages of 
germination, but does not permit radicle protrusion 
through the seed coat [2]. Subsequently, the seeds can be 
dried to attain their original moisture content and stored 
or planted using conventional techniques. Seed priming  
is a hydration treatment that allows controlled imbibition 

and induction of pregerminative metabolism [3,4]. Sev- 
eral different priming methods have been commercially 
used, such as water or osmotic treatment using aqueous 
solutions, e.g., KCl and CaCl2, and priming and solid 
matrix priming, which appear to have the greatest effect 
on seed and seedling vigor in some crops [5,6]. 

Seed priming with water has been studied in some 
vegetables, including carrot, onion, and tomato [7-10], 
wheat [11], and some weeds [12]. Seed priming is a very 
efficient technique to increase the speed of germination 
without compromising on germination rates and in some 
plant species, the seeds obtained with priming emerge  
from the soil faster and often more uniformly than non- *Corresponding author. 
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primed seeds. In addition, in environmental soil condi- 
tions, water- or osmotic priming as well as low and high 
temperatures with onion [13], canola [14], and asparagus 
[15]; shortage or excess water with okra [8] and salinity 
with wheat [16,17] provide rapid and uniform germina- 
tion and emergence [5,18]. 

Under adequate moisture conditions, seed priming in 
rice improves the speed and germination rate of the seeds 
[19,20] and the speed of emergence and growth of the 
shoot [21-25]. In addition, Farooq et al. (2004) and Basra 
et al. (2005) demonstrated that both the speed of germi- 
nation and emergence improved in rice under adequate 
moisture conditions [26,27]. Furthermore, these reports 
demonstrate that seed priming is effective for improving 
the ability of seed germination and seedling vigor. Emer- 
gence is defined as the time when a coleoptile projects 
from the soil surface. Therefore, to demonstrate that the 
speed of emergence is faster because of seed priming, the 
participation of seed priming in the growth process after 
germination must be investigated. In contrast, seeded rice 
may occasionally encounter a low soil moisture condition 
when directly seeded on a well-drained paddy or upland 
field. Dry soil at seeding promotes delay and non-uni- 
form emergence, and it may result in a decline of yield 
and luxuriant weed growth. Low and high soil moisture 
conditions inhibit water absorption and respiration of 
seeds and seedlings, respectively. Therefore, it is impor- 
tant to identify the range of soil moisture condition that 
affects seed priming. Andoh and Kobata (2000) reported 
that some rice varieties show improved emergence speed 
and seedling growth following seed priming under low 
soil moisture conditions [28]. Lee et al. (1998) demon- 
strated that the effects of seed priming on radicle length 
are greater under optimum soil moisture conditions than 
that under the lack of or excess soil moisture conditions 
[29]. These reports are useful to demonstrate that seed 
priming improves seedling vigor under diverse soil mois- 
ture conditions. However, these studies did not consider 
whether flood and dry stress at germination and during 
early growth can be avoided with seed priming. Further- 
more, these reports did not consider the effects of soil 
moisture content and seed priming on the growth ratio of 
radicle and seminal roots during emergence. It is impor- 
tant to resolve these issues because unlike vegetables, in 
rice cultivation, it is necessary to ensure establishment of 
good seedlings under an extensive management. This 
study aims to clarify the effect of seed priming on emer- 
gence and seedling vigor of rice under different soil 
moisture conditions. We soaked seeds immediately be- 
fore sowing to avoid water absorption stress at germina- 
tion. Direct sowing was not practical because of the in- 
creased risk of drying. 

2. Materials and Methods 

Seeds of the rice cultivar “Koshihikari” harvested in 
2008 were used in this study. Moisture content and grain 
weight of the seeds were 11.5% and 2.59 mg, respec- 
tively. The study employed three hydration conditions: 1) 
Priming seeds were submerged in tap water at 30˚C for 
12 h, dried back to attain initial seed weight before sub- 
merging in water at 25˚C; 2) Soaking seeds were sub- 
merged in tap water at 30˚C for 12 h just before sowing; 
3) Control seeds were not submerged or dried. Soil mois- 
ture conditions were set up as 3%, 6%, 8%, 11%, 15%, 
and 20% soil moisture contents, which is the ratio of wa- 
ter to soil weight. Soil moisture content was determined 
with three replications from soil weight before and after 
drying at 105˚C for 24 h [30]. Sand gathered from the 
bottom of a river at Sakura, Ibaraki, was used. Field ca- 
pacity of the soil was assessed using a method described 
by Kawaguchi (1974) [31]. The field capacity of the soil 
was 22.2% at soil moisture content. For 3%, 6%, 8%, 
11%, 15%, and 20% soil moisture contents, the field ca- 
pacity of the soil was 10.8%, 24.0%, 30.5%, 43.3%, 
61.8%, and 87.6%, respectively. 

Germination was investigated using 6-cm Petri dishes. 
Soil of 1-cm depth was filled in the Petri dishes to regu- 
late moisture. Five seeds were sown in each dish and 
then covered with soil of 0.5-cm depth. The number of 
germinated seeds was measured every 6 h during the first 
12 h and every 12 h up to 60 h after sowing. The three 
dishes each hydration conditions were chosen at these 
measured timing. The time to achieve 50% germination 
was calculated using the following formula. 

     
Germination time

ti N 2 ni tj ti nj ni     
 

where N is the final number of seeds that germinated and 
ni and nj are the cumulative number of seeds germinated 
by adjacent counts at time ti and tj, respectively, when ni 
< N/2 < nj. 

Emergence time and growth of shoots and roots were 
investigated in three replications using 100-ml beakers 
(5.0-cm diameter, 7.0-cm height). The beakers were filled 
with soil of 5-cm depth to regulate moisture. Eight seeds 
were sown in each beaker and covered with soil of 
0.5-cm depth. Emergence was measured every 12 h after 
sowing. The seedlings were taken out after sowing for 84 
h. Shoot length and dry weight of the shoot and root were 
measured and the ratio of shoot dry weight and root dry 
weight (T/R ratio) was calculated. The time to achieve 
50% emergence was calculated using the formula previ- 
ously mentioned. 

Statistical analysis was conducted using an analysis of 
variance followed by Tukey’s test. A P-value of <0.05 
was considered significant. 
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3. Results 

3.1. Germination, Emergence, and Dry Matter 
Production under Different Soil Moisture 
Conditions 

Germination time of the control was 40.0, 40.3, 43.0, 
48.5, 50.2, and 50.0 h at 3%, 6%, 8%, 11%, 15%, and 
20% soil moisture, respectively (Figure 1). Germination 
time of rice was shortened 3.3, 8.5, 8.5, 13.5, 7.7, and 3.7 
h by priming and 13.7, 10.0, 16.2, 19.8, 12.7, and 11.0 h 
by soaking compared with that of the control at 3%, 6%, 
8%, 11%, 15% and 20% soil moisture contents, respec- 
tively (Figure 1). Germination time of the priming seeds 
was significantly shorter than that of the control seeds at 
6%, 11%, and 15% soil moisture contents and of the 
soaking seeds was shorter than that of the control seeds 
at all soil moisture contents, except at 20%. Germination 
time of seeds obtained with priming seeds increased by 
1.5, 10.4, 7.7, 6.3, 5.0, and 7.3 h compared with that of 
soaking seeds at 3%, 6%, 8%, 11%, 15%, and 20% soil 
moisture contents, respectively, but no significant differ- 
ence was found between priming and soaking seeds at all 

soil moisture levels, except at 3%. 
Emergence time of the control was 80.3, 86.3, 82.7, 

84.0, 73.0, and 89.8 h at 3%, 6%, 8%, 11%, 15%, and 
20% soil moisture contents, respectively (Figure 1). 
Emergence time of priming and soaking seeds was 
shortened 8.3, 22.2, 26.8, and 23.8 h and 8.3, 17.5, 21.7, 
and 19.1 h, respectively, compared with that of the con- 
trol at 3%, 6%, 8%, and 11% soil moisture contents, re- 
spectively. Emergence time tended to be shorter with the 
priming seeds than that with the soaking seeds among 
those exposed to 6% - 11% soil moisture, but no signifi- 
cant difference was observed. Ratios of priming seeds to 
control seeds during the period from germination to 
emergence were 0.88, 0.70, 0.55, and 0.72 at 3%, 6%, 
8%, and 11% soil moisture contents, respectively. The 
period from germination to emergence was significantly 
shorter with the priming seeds than that with the control 
seeds at 6%, 8%, and 11% soil moisture contents. The 
ratios of priming seeds to soaking seeds from germina- 
tion to emergence were 0.77, 0.84, 0.63, and 0.71 at 3%, 
6%, 8%, and 11% soil moisture contents, respectively. 
Significant differences were found between priming and  
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Figure 1. Germination and emergence time at each soil moisture condition. Bar is standard error for germination and emer- 
gence time. The mean values, obtain from Tukey’s test, sharing the same letters are not differ significantly (P < 0.05). Per- 
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soaking seeds from germination to emergence at all soil 
moisture levels, except at 6%. The ratios of soaking 
seeds to control seeds from germination to emergence 
were 1.13, 0.84, 0.86, and 1.02 at 3%, 6%, 8%, and 11% 
soil moisture contents, respectively. No significant dif- 
ferences were found between the soaking and control 
seeds from germination to emergence at all soil moisture 
contents, except at 6%. At 15% and 20% soil moisture 
contents, no significant differences were observed among 
the priming, soaking, and control seeds. 

Shoot length of the seeds obtained with priming in- 
creased significantly compared with that in the control 
seeds at all soil moisture contents, except at 20%, 84 h 
after sowing (Table 1). The shoot length obtained with 
priming seeds was 1.5 and 1.8 times that obtained with 
the control seeds at 3% and 6% soil moisture content, 
respectively, and 1.6 times that obtained with control 
seeds at 8%, 11%, and 15% soil moisture content. Shoot 
length tended to be longer with priming seeds than that 
with the soaking seeds at 8%, 11%, and 15% soil mois- 
ture contents, but no significant differences were ob- 
served between the soaking and priming seeds at any soil 
moisture contents, except at 15%. At 20% soil moisture 
content, shoot length tended to be longer with priming 

seeds than that with the control seeds, but the difference 
was not significant. 

Shoot elongation rate from germination to 84 h after 
sowing was significantly higher with priming seeds than 
with control seeds at all soil moisture contents, except at 
20%, and with the priming seeds than that with the soak- 
ing seeds at 8%, 11%, and 15% soil moisture contents 
(Table 1). At 20% soil moisture content, no significant 
difference was observed in the shoot elongation rate be- 
tween the hydration plots. Shoot elongation rate with the 
priming seeds was >1.2 times (11% soil moisture content) 
that with control seeds at all soil moisture contents, ex- 
cept at 20%. However, the shoot elongation rate with the 
soaking seeds was similar to that with the control seeds 
at 8%, 11%, 15%, and 20% soil moisture contents and 
with the priming seeds at 3% and 6% soil moisture con- 
tents. 

Shoot dry weight with the priming seeds tended to in- 
crease compared with that with the control seeds at all 
soil moisture contents, but a significant difference was 
found only at 11% and 15% soil moisture contents. Root 
dry weight tended to be larger with the soaking and 
priming seeds than that with the control seeds at all soil 
moisture contents. 

 
Table 1. Effect of treatment on shoot length, and shoot and root dry matter weight. 

Soil moisture content Treatment Shoot length (mm) 
Shoot elongation rate  

(mm·h−1) 
Shoot dry weight  

(mg·plant−1) 
Root dry weight 

(mg·plant−1) 

3% Control 9.0 ± 1.01b 0.21 ± 0.01b 0.63 ± 0.13b 0.95 ± 0.28a 

 Soaking 14.8 ± 0.74a 0.26 ± 0.01ab 1.03 ± 0.07a 1.52 ± 0.36a 

 Priming 13.1 ± 0.37a 0.28 ± 0.02a 0.88 ± 0.03ab 1.28 ± 0.03a 

6% Control 8.2 ± 0.83b 0.19 ± 0.01b 0.70 ± 0.08a 0.76 ± 0.22a 

 Soaking 16.5 ± 2.12a 0.31 ± 0.01a 1.45 ± 0.21a 1.54 ± 0.23a 

 Priming 14.9 ± 0.67a 0.29 ± 0.03a 1.09 ± 0.06a 1.55 ± 0.41a 

8% Control 11.1 ± 1.55b 0.27 ± 0.02b 0.83 ± 0.11a 0.74 ± 0.06ab 

 Soaking 14.9 ± 0.55ab 0.26 ± 0.03b 1.09 ± 0.07a 0.69 ± 0.07b 

 Priming 17.8 ± 0.60a 0.36 ± 0.01a 1.16 ± 0.08a 1.02 ± 0.10a 

11% Control 11.8 ± 0.52b 0.33 ± 0.02b 0.76 ± 0.08b 0.49 ± 0.01b 

 Soaking 17.4 ± 1.18a 0.31 ± 0.01b 1.18 ± 0.10b 0.67 ± 0.11ab 

 Priming 19.1 ± 0.93a 0.39 ± 0.01a 1.46 ± 0.07a 1.10 ± 0.10a 

15% Control 11.8 ± 0.53b 0.35 ± 0.03b 0.74 ± 0.01b 0.50 ± 0.10a 

 Soaking 14.2 ± 0.41b 0.31 ± 0.01b 0.88 ± 0.07b 0.68 ± 0.15a 

 Priming 18.8 ± 1.28a 0.45 ± 0.02a 1.13 ± 0.06a 0.71 ± 0.11a 

20% Control 4.7 ± 0.74a 0.14 ± 0.02a 0.23 ± 0.07b 0.23 ± 0.04a 

 Soaking 6.9 ± 0.67a 0.15 ± 0.02a 0.25 ± 0.02ab 0.20 ± 0.01a 

 Priming 7.2 ± 0.82a 0.19 ± 0.01a 0.41 ± 0.05a 0.22 ± 0.04a 

D  ata are represented as mean ± standard error (n = 3); Mean values sharing the same letters do not differ significantly (P < 0.05; Tukey’s test). 
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3.2. Relationship between Soil Moisture and 

Growth Parameters 

A significant positive correlation (P < 0.05) was ob- 
served between soil moisture content and germination 
time in the control, soaking, and priming seeds (Figure 
2(a)). Linear regression between these parameters in the 
control, soaking, and priming seeds revealed r = 0.915, 
0.881, and 0.837, respectively. A significant single curve 
correlation (P < 0.01) was observed between soil mois-  

ture content and emergence time in the soaking and pri- 
ming seeds, but not in the control seeds (r = 0.395) (Fig- 
ure 2(b)). Single curve regression between these para- 
meters in the soaking and priming seeds revealed y = 
0.195x2 − 4.185x + 84.136 (r = 0.918) and y = 0.237x2 − 
4.630x + 82.442 (r = 0.957), respectively. According to 
these curves, the soil moisture contents with the soaking 
and priming seeds for the shortest emergence were 10.7% 
and 9.8%, respectively. 
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Figure 2. Relationship between soil moisture contents and Germination time (a), Emergence time (b), Shoot elongation rate 
(c), Shoot dry weight (d), Root dry weight (e), T/R ratio (f). Circles, triangles and squares symbols and C, P and S represent 
he conditions Control, Priming and Soaking, respectively. *P < 0.05, **P < 0.01. t 
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A significant single curve correlation was found be- 

tween soil moisture content and shoot elongation rate (P 
< 0.05, Figure 2(c)) with the control, soaking, and prim- 
ing seeds. Single curve regression between these para- 
meters in the control, soaking, and priming seeds re- 
vealed y = −0.0022x2 + 0.051x + 0.026 (r = −0.840), y = 
−0.0014x2 + 0.028x + 0.175 (r = −0.897), and y = 
−0.0025x2 + 0.057x + 0.086 (r = −0.842), respectively 
(Figure 2(c)). According to these curves, the soil mois- 
ture contents for the most effective shoot elongation rate 
were 11.6%, 10.0%, and 9.8% with the control, soaking, 
and priming seeds, respectively. Shoot elongation rate 
was higher with the priming seeds than that with the 
soaking and control seeds at all soil moisture contents. A 
significant single curve correlation was found between 
soil moisture content and shoot dry weight (P < 0.01, 
Figure 2(d)) in the control, soaking, and priming seeds. 
Single curve regression between these parameters in the 
control, soaking, and priming seeds revealed y = 
−0.0053x2 + 0.101x + 0.339 (r = −0.971), y = −0.0066x2 
+ 0.100x + 0.863 (r = −0.949), and y = −0.0096x2 + 
0.199x + 0.307 (r = −0.966), respectively (Figure 2(d)). 
According to these curves, the soil moisture contents for 
most effective shoot elongation were 9.5%, 7.6%, and 
10.4% in the control, soaking, and priming seeds, respec- 
tively. Shoot dry weight of the priming seeds decreased 
compared with that of the soaking seeds at <7.2% based 
on these curves. In addition, shoot dry weight was higher 
in the priming and soaking seeds than that in the control. 

A significant negative correlation (P < 0.05) was ob- 
served between soil moisture contents and root dry weight 
in each of the seeds (Figure 2(e)). Linear regression be- 
tween these parameters in the control, soaking, and pri- 
ming seeds revealed r = −0.971, −0.888, and −0.920, res- 
pectively. 

A significant single curve correlation was found be- 
tween soil moisture content and the T/R ratio (P < 0.05, 
Figure 2(f)) in the control and soaking seeds. Single 

curve regression between these parameters in the control 
and soaking seeds revealed y = −0.011x2 + 0.274x 
−0.183 (r = −0.867) and y = −0.010x2 + 0.247x + 0.011 
(r = −0.943), respectively. A significant positive correla- 
tion (P < 0.01) was observed between the soil moisture 
content and T/R ratio in the priming seeds. Linear re- 
gression between these parameters in the priming seeds 
revealed y = 0.075x + 0.432 (r = 0.978). 

3.3. Relationship between Emergence and Shoot 
Elongation 

A significant positive correlation was found between 
shoot dry weight and shoot length (r = 0.943, P < 0.001), 
and root dry weight (r = 0.718, P < 0.001) at 84 h after 
sowing (Figures 3(a) and (b)). Linear regression be- 
tween shoot dry weight and shoot length revealed y = 
11.419x − 2.824 and root dry weight y = 0.879x + 0.048, 
respectively. Shoot elongation was accompanied by dry 
matter production. A significant negative correlation was 
observed between germination time and growth para- 
meters such as shoot dry weight (r = −0.638, P < 0.01) 
and root dry weight (r = −0.654, P < 0.01), but not be- 
tween germination time and shoot elongation rate (r = 
−0.123) (Table 2). A significant negative correlation was 
observed between emergence time and growth parame- 
ters such as shoot elongation rate (r = −0.640, P < 0.01), 
shoot dry weight (r = −0.772, P < 0.001), and root dry 
weight (r = −0.490, P < 0.05). The shorter emergence 
time was increased dry matter production. 

4. Discussion 

4.1. Relationship between Shortened Emergence 
and Shoot Growth Due to Seed Priming 

The shortened emergence time and increased shoot 
growth (Figures 1 and 2(c), Table 1) observed in this 
study were consistent with those of previous studies 
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represent Control, Priming, and Soaking, respectively. ***P < 0.001. 
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Table 2. Correlation coefficient between time of germina- 
tion and growth parameters. 

 
Shoot elongation  

rate 
Shoot dry  

weight 
Root dry 
weight 

Germination time −0.123 −0.638** −0.654**

Emergence time −0.640** −0.772** −0.490* 

*P < 0.05, **P < 0.01. 

 
[22-28]. However, in this study, it is noteworthy that the 
period from germination to emergence was shorter for 
priming seeds than that for soaking seeds at <11% soil 
moisture content (Figure 1), indicating that this period 
does not decrease due to seed soaking alone. Shoot elon- 
gation rate was similar between seeds obtained by soak- 
ing and priming at 3% and 6% soil moisture contents, 
although germination time was longer in those obtained 
with priming than with soaking (Figure 1 and Table 1). 
At 8% and 11% soil moisture contents, shoot length and 
shoot elongation rate were higher with priming seeds 
than with soaking seeds (Table 1). To increase shoot 
elongation rate, an increase in the number and/or size of 
the cell is necessary. Although there is no known rela- 
tionship between cell division and seed priming in rice, 
but replicative DNA synthesis in radicle meristem nuclei 
often occurs in tomato during seed priming, although this 
is not essential to advance germination [3]. In addition, in 
this study, increase in shoot length and shoot dry weight 
were observed (Figure 3(a)), suggesting that the rapid 
supply of nutrients required for cell growth, which is ob- 
tained with seed priming is involved in the increase of 
shoot elongation rate. The physiologically active state of 
pre-germinated seeds is improved by seed priming. In 
rice seeds, the metabolic process related to α-amylase ac- 
tivity is activated by water absorption with seed priming 
and the metabolic potential is preserved in the seed dur- 
ing the dry period after seed priming [32]. A significant 
positive correlation is observed between α-amylase ac- 
tivity and sugar content during seed priming [22,23,33]. 
These reports suggest that with seed priming before sow- 
ing, carbohydrate in the seed is ready to be used for cell 
elongation. Furthermore, a significant positive correla- 
tion between seedling dry weight at 15 days after emer- 
gence and sugar content of rice seeds during seed prim- 
ing is observed [22]. Therefore, growth of rice shoots in- 
creases with seed priming because of the increase in so- 
luble carbohydrate supply owing to the increase in acti- 
vated α-amylase. These metabolic changes in the seed 
are expressed during the drying process after water ab- 
sorption with seed priming, which may increase the 
amount or speed of metabolism itself. In soaking seeds, 
the beginning of water absorption occurred 12 h earlier 
compared with that in the control seeds. Therefore, the 

period from germination to emergence may not shorten 
because the increased metabolic activity is dependent on 
the advancement of water absorption. 

At 15% and 20% soil moisture contents, emergence 
time was similar between the seeds obtained with hydra- 
tion treatments and the control seeds (Figure 1). At these 
soil moisture contents particularly at 20%, standing water 
was observed and anaerobic conditions probably devel- 
oped. Under anaerobic condition, rice seeds germinate by 
coleoptile elongation [34,35]. However, in some rice ge- 
notypes, germination time is longer under anaerobic than 
aerobic conditions [36-38]. Germination time tended to 
decrease and shoot elongation rate and shoot dry weight 
increased with seed priming (Figures 1 and 2). In con- 
trast, germination time was longer under aerobic than 
anaerobic conditions (Figure 1). As previously stated, 
seeds obtained with priming undergo metabolic changes. 
However, α-amylase activity and the rate of decrease in 
starch content of seeds are lower in anaerobic seedlings 
than those in aerobic seedlings [39], although some tol- 
erant genotypes maintain a high α-amylase activity under 
low oxygen stress [40]. It is difficult to determine whe- 
ther the rice variety “Koshihikari” used in the present 
study was an anaerobic tolerant genotype because other 
reports [39,40] did not include “Koshihikari”. Therefore, 
aerobic conditions are required to facilitate the supply of 
nutrients from the seed for the growth of the shoot. How- 
ever, in this study, the seeds were exposed to anaerobic 
conditions at 15% and 20% soil moisture contents. There- 
fore, this study considered that the metabolic changes 
were not entirely exhibited at 15% and 20% soil moisture 
contents. These considerations may be the reason for the 
absence of difference in emergence time between the 
control seeds and the seeds obtained with priming. How- 
ever, seedlings (coleoptile) are exposed to aerobic condi- 
tions after emergence, which probably encourages the 
smooth progress of α-amylase activity that may be en- 
hanced with seed priming. Increased shoot length and dry 
weight with seed priming that was observed in this study 
at 84 h after sowing (Table 1) may support this consid- 
eration. 

4.2. Relationship between Soil Moisture and 
Seedling Vigor Following Seed Priming 

Under low soil moisture conditions, Andoh and Kobata 
(2000) reported that seminal root length and shoot length 
of some rice cultivars are longer with priming seeds than 
those with control seeds [28]. Lee et al. (1998) demon- 
strated that the effects of seed priming on plumule and 
radicle length are greater under optimum soil moisture 
conditions than those under a lack of or excess soil mois- 
ture [29]. Our results that shoot length and dry weight 
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were greater with the priming seeds than with the control 
seeds and the negative single curve correlation between 
shoot dry weight and soil moisture content (Table 1 and 
Figure 2(d)) agree with previous reports. In contrast, 
regardless of soil moisture condition, our result that shoot 
growth increased with priming seeds compared with that 
obtained with the control seeds (Table 1) demonstrated 
that seedling vigor with priming seeds is adaptable to a 
wide range of soil moisture conditions. 

The dry weights of shoots and roots were expressed by 
a single curve and a negative linear correlation, respec- 
tively (Figures 2(d) and (e)). This result shows that the 
reaction to soil moisture was different for shoot and root 
growth. Sato and Maruyama (2002, 2005) reported that 
root dry weight decreases with an increase in soil mois- 
ture content and is lower in flooded than in drained soil 
[41,42]. However, the gradients of the correlations were 
larger in the soaking and priming seeds than those in the 
control (Figure 2(e)). If increasing root dry weight caused 
accelerated germination due to seed priming, the gradi- 
ents of the correlation for priming might be similar to 
that of the control, suggesting that increased root dry 
weight was promoted by seed priming compared with 
that in the control with a decline in soil moisture content. 

According to negative single curve between shoot dry 
weight and soil moisture, shoot dry weight was greatest 
at 9.5%, 10.3%, and 7.5% soil moisture in the priming, 
control, and soaking seeds, respectively, and then shoot 
dry weight decreased with an increase or decrease in soil 
moisture content (Figure 2(d)). The T/R ratio decreased 
and root dry weight increased with a decline in soil mois- 
ture (Figures 2(e) and (f)). Therefore, decreasing shoot 
dry weight with a decline in soil moisture indicates ad- 
aptation to dry soil by increasing root distribution. At 
high soil moisture contents such as 15% and 20% in this 
study, germination time was longer in than other mois- 
ture levels (Figure 1), indicating that the period of shoot 
growth was shorter at higher soil moisture contents. 
Therefore, shoot dry weight decreased at high moisture 
levels. 

Correlation between soil moisture content and the T/R 
ratio was distinctly different between the seeds obtained 
with priming and the other plots (Figure 2(f)). Growth of 
seedlings at the 2.4 leaf stage depends almost entirely on 
endosperm nutrients, although roots are capable of ab- 
sorbing nutrients from the culture media from the time 
immediately after germination [43]. In this study, shoot 
length and dry weight of seedlings was measured 84 h 
after sowing; the nutrition of albumen may mainly be 
used for the growth of the seedling. Therefore, it is con- 
sidered that the distribution of nutritional endosperm be- 
tween the shoot and root is directly associated with the 
T/R ratio. The results suggest that the seed detects the 

state of soil moisture content and the shoot and root nu- 
trient distribution pattern in the seed changes, even in 
seedlings immediately after germination. At the first leaf 
stage, 70% endosperm is consumed under optimum cul- 
tivating conditions, and the dry weight of shoot and root 
increases [43]. At the growth patterns of seedlings under 
different moisture levels of media, the mesocotyl with 
coleoptile elongates until an approximate pF of 2.4; sub- 
sequently, coleoptile growth occurs preferentially as the 
pF decreases. When the culture media are saturated with 
water, the mesocotyl does not elongate, only the coleop- 
tile grows [44]. Furthermore, roots appear to demonstrate 
decreased growth with decreasing pF [45]. Based on 
these observations and the report of Sato and Maruyama 
(2005), it is reasonable to say that the T/R ratio is a sin- 
gle negative curve, as shown in the control and soaking 
seeds (Figure 2(f)) [42]. However, the correlation be- 
tween soil moisture content and the T/R ratio in the 
priming seeds showed a positive linear regression (Fig- 
ure 2(f)). These results suggest that seed priming pro- 
motes shoot growth with increasing soil moisture content 
and with decreasing soil moisture content promotes root 
growth. These observations are in close agreement with 
increasing dry weight of roots and shoots obtained with 
priming seeds with decreasing and increasing soil mois- 
ture content compared with that obtained with the control 
seeds (Figures 2(d) and (e)). These results suggest that 
rice seedlings obtained with priming seeds can avoid in- 
hibited growth under dry and anaerobic soil conditions 
such as 3% and 20% soil moisture contents, although 
shoot growth is inferior compared with that in adequate 
soil moisture condition, e.g., 8% - 11% soil moisture 
contents. 

5. Conclusion 

This study presents the effects of seed priming on germi- 
nation and seedling vigor during emergence of rice under 
different soil moisture conditions. Emergence time was 
reduced in priming seeds compared with that in untreated 
seeds because of increased shoot elongation with dry 
matter production under a wide range of soil moisture 
conditions, except flood. Seedlings obtained with prim- 
ing seeds showed increased growth compared with that 
obtained with untreated and soaking seeds because of the 
water absorption that occurred 12 h earlier. In conclusion, 
we determined the optimum soil moisture range for seed 
priming to be 8% - 11% soil moisture content in this 
study. 
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