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Abstract: In this study, newly harvested and aged rice seeds were analyzed to determine their aging process, identify the 
difference between artificially and naturally aged seeds, and develop a rapid, accurate, and non-destructive detection method for 
water status and water distribution of rice seed with different vigor.  To this end, an artificially accelerated aging test was 
conducted on the newly harvested rice seeds.  Then, low-field nuclear magnetic resonance (LF-NMR) technology was applied 
to test the new (Shennong No. 9816, 2018), old (Shennong No. 9816, 2017), and artificially aged seeds (Shennong No. 9816, 
2018).  A standard germination test was conducted for three types of seeds.  Finally, the differences of water status and 
distribution between rice seeds of different vigor were analyzed based on the standard germination test results and wave 
spectrometry information collected using LF-NMR.  The results indicated that new seeds, old seeds, and the artificially 
accelerated aging rice seeds all exhibited two water phases, and the vigor of rice seeds after the artificial accelerated aging test 
was lower than that of new seeds.  There were significant differences between the frequencies of bound water at the time of 
the peak and the time at the end of the peak for the three types of seeds.  The two times showed an increasing trend for rice 
seeds with poor vigor, indicating that the ability of the water in the rice seeds having poor vigor to combine with other 
substances was weakened.  There were significant differences between the distributions of free water peak end time for the 
three types of seeds.  All the rice seeds with poor vigor exhibited a decreasing trend at this time, indicating that the freedom of 
free water inside the rice seed samples with poor vigor was weakened.  The total water content of the artificially aged seeds 
and the aged seeds was higher than that of the new seeds, but the free water content increased from artificially aged seeds to 
new seeds to aged seeds.  This indicates that LF-NMR technology is an effective detection method that can simply compare 
the differences in seed vitality with respect to water distribution as well as differentiate the seed internal water content of 
artificially aged and naturally aged seeds. 
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1  Introduction 

Seed vigor is a comprehensive manifestation of seed 
characteristics that measure the activity and performance of a 
seedlot with acceptable germination rate in a wide range of 
environments[1].  High vigor seeds can germinate and emerge 
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rapidly and uniformly under extensive conditions, and the seedlings 
can grow vigorously with a strong resistance against adverse 
environmental conditions.  In contrast, the germination and 
emergence speeds of low vigor seeds are low. Under adverse 
conditions, their emergence is not uniform, the seedlings are weak, 
and sometimes, there is no emergence at all[2,3].  Seed vigor is an 
important indicator of sowing quality and a critical component of 
planting value, and it is closely associated with planting 
production[4].  With an increase in storage time, the rice seed 
aging, seed vigor, germination rate, and germination potential 
decrease, which reduces the seed value of rice. 

Presently, there are multiple methods for seed vigor testing, 
which can be divided mainly into direct and indirect methods.  
Direct methods simulate adverse field conditions under a laboratory 
environment to measure the field emergence rate of a seedlot.  
These include low temperature germination test and brick gravel 
test.  Indirect methods, which include conductivity measurement 
and tetrazolium tests, determine certain physiological and 
biochemical indicators that are related to seed vigor.  Traditional 
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seed vigor testing methods are capable of accurately and intuitively 
predicting the seed vigor, but they have disadvantages such as a 
large workload, poor repeatability, long cycle, significant 
environmental impact, and potential to damage the seeds.  
Therefore, new technologies have continuously been applied to 
improve seed vigor testing, such as near-infrared spectroscopy and 
infrared imaging.  Obtaining a fast, accurate, and nondestructive 
method to determine seed vigor has become a current research 
hotspot[5].  Infrared spectroscopy provides the characteristic 
vibration frequency of functional groups or chemical bonds, and 
nuclear magnetic resonance spectroscopy provides the number of 
nuclei and the chemical environment.  The former is more suitable 
for qualitative analysis in terms of application scope and 
information, while the latter is more accurate for quantitative 
analysis.  As a novel nondestructive testing technology, low-field 
nuclear magnetic resonance (LF-NMR) and the associated imaging 
technology are widely used in the field of food agriculture, such as 
in the detection of oil and water content[6,7]; the investigation of the 
distribution, migration, and mobility of water and oil[8-11]; quality 
testing, processing, and storage of meat, aquatic, and agricultural 
products[12-17]; and seed selection, breeding, and development[18,19].  
However, its application to water status and the water distribution 
detection of rice seeds for testing different vigor is rarely reported. 

Natural aging refers to the natural decline of seed vigor, and 
the process is very slow.  In the laboratory, artificial accelerated 
aging test is to let the seeds grow or die in the aging test box by 
simulating the humidity, light, temperature and other parameters of 
the natural environment.  Using new harvest and aged rice seed as 
the research object, this project firstly used the artificial accelerated 
aging test for the new harvest rice seeds.  Then, LF-NMR 
technology was used for both naturally aging and artificially aging 
rice seeds.  Finally, a standard germination test was conducted.  
The LF-NMR method can be used to perform wave spectrometry 
directly without sample pretreatment, and can help to perform a 
rapid wave spectrometry analysis for a single sample within      
1 minute to directly obtain the chemical composition information 
of relevant substances, so as to achieve rapid, accurate, and 
non-destructive testing.  This project attempts to explore a 
detection method for the water status and water distribution of rice 
seeds with different vigor, while reflecting the vigor of rice seeds 

with respect to water distribution and water content changes.  The 
difference between the artificial and natural aging of rice seeds was 
compared to provide a reference for the storage of rice seeds and 
study and utilization of seed resources. 

2  Materials and methods 

2.1  Test equipment 
The following equipment was used in this study: a magnetic 

resonance imaging analyzer NMI20-015V-I (Shanghai Niumai 
Electronic Technology Co., Ltd., Shanghai, China) with a magnetic 
field strength of (0.5±0.08) T, radio frequency (RF) pulse 
frequency of 21 MHz, magnet temperature of 32°C, and probe coil 
diameter of 15 mm; an intelligent artificial climate incubator 
RTOP-268D (Zhejiang Tuopu Instrument Co., Ltd., Zhejiang, 
China) with a temperature control range of 0°C-50°C, temperature 
fluctuation of ±0.5°C, temperature uniformity of ±1°C, relative 
humidity control range of 50%-95%, and relative humidity 
fluctuation of ±5%; a seed aging cabinet (Zhejiang Tuopu 
Instrument Co., Ltd., Zhejiang, China) with a temperature control 
range from room temperature plus 5°C to 65°C and timing range of 
1-9999 m; and a Sartorius BAS124S-CW ten-thousandth electronic 
balance internally calibrated (Beijing Sartorius Instrument System 
Co., Ltd., Beijing, China) with a maximum weighing value of  
120 g, minimum weighing value of 0.01 g, and accuracy of  
0.0001 g.  
2.2  Test materials 

All the test samples were obtained from the Rice Research 
Institute of Shenyang Agricultural University.  The samples were 
harvested in October 2017 and October 2018 at the Liaozhong, 
Liaoning, China.  The experiment was conducted in November 
2018 in the Rice Experimental Station of Shenyang Agricultural 
University.  The rice variety used was Shennong No. 9816, which 
is a Japonica rice.  The seeds were stored at room temperature.  
A total of 1200 mature rice seeds, which were large, full, and free 
of disease spots on the surface, were selected (including 400 rice 
seeds harvested in 2017 and 800 rice seeds harvested in 2018) and 
divided into 12 groups with 100 seeds in each group.  Then, 
according to the corresponding test plan, each group was marked 
with a unique number.  Information of the specific grouping and 
test item is listed in Table 1. 

 

Table 1  Rice seed test sample grouping and test item  

Type Year Group amount Label Seeds amount per group Test item 

New seeds 2018 4 A1, B1, C1, D1 100 LF-NMR test, standard germination test 

Old seeds 2017 4 A2, B2, C2, D2 100 LF-NMR test, standard germination test 

Aged seeds 2018 4 A3, B3, C3, D3 100 Accelerated aging test, LF-NMR test, standard germination test 
 

2.3  Test method  
2.3.1  Artificial accelerated aging test    

According to the aging method of International Association for 
seed testing (ISTA), the aging group rice seeds were subjected to 
artificially accelerated aging.  Four 12 cm×12 cm×6 cm plastic 
boxes with a cover were injected with deionized water up to 2 cm 
from the bottom.  A stent was placed about 4 cm above the water 
surface, and a plastic plate with several circular meshes with a 
radius of 1.5 mm was placed on the top of the stent.  Four groups 
of samples of the aged seeds were then evenly spread on the 
surfaces of the four plastic plates (to ensure that each seed absorbed 
water uniformly); subsequently, the cover was placed on the top to 
seal the samples in the boxes. 

Next, the four test samples were simultaneously placed in a 
seed aging cabinet at a temperature of 45ºC and relative humidity 

of 100% to age for 72 h.  Under the conditions of high temperature 
and high humidity, the content and distribution of water in rice 
seeds will change.  Previous experiments have shown that under 
different aging humidity and temperature conditions, the phase 
state of bound water and free water of rice seeds will not change, 
but their distribution will be different.  Each cabinet was separated 
by a gap of 3 cm to ensure a uniform temperature within the 
cabinet.  The door was not opened during the aging treatment to 
accurately control the temperature in the cabinet.  To prevent 
microbial contamination, the body, cover, and inner plastic plates 
of the aging cabinet were all immersed in a 15% sodium 
hypochlorite solution and then dried.  After the aging treatment, 
the seeds were dried at 25°C for 3-4 d until the moisture content of 
the seeds was reduced to the original state.  Then, LF-NMR 
spectroscopy and standard germination tests were conducted. 
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2.3.2  NMR spectroscopy analysis and inversion   
NMR spectroscopy was performed on 12 test samples, which  

included rice seeds harvested in 2018, rice seeds freshly harvested 
in 2019, and rice seeds that underwent the artificially accelerated 
aging test.  Prior to the test, each group of 100 rice seeds was 
further divided into 5 subgroups of 20 seeds each (to obtain     
20 parallel samples for each test condition), resulting in a total of 
60 NMR spectroscopy test groups.  Each parallel sample was 
weighed on an electronic balance with a sensitivity of 0.0001 g and 
its mass was recorded. 

The main frequency and hard pulse width of the NMR 
instrument were determined using free induction decay (FID) pulse 
sequences in a standard oil sample and the NMR analysis 
application software.  The free decay signal curves of the 60 test 
groups were collected using the carr-purcell-meiboom-gill (CPMG) 
pulse sequence in the NMR application software, with four 
repeated measurements for each sample.  The spin echo signals 
generated from these four measurements were then applied to the 
NMR inversion fitting software to perform individual inversion, 
and the averaged results were used to obtain the transverse 
relaxation time and signal amplitude of the samples. 

The parameters of the CPMG pulse sequence were set as 
follows: SF1 (spectrometer frequency) was 21 MHz, O1 (frequency 
offset 1) was automatically corrected for each experiment, P1 (90° 
pulse length) was 17.52 μs, P2 (180° pulse length) was 35.52 μs, 
TD (the signal sampling point numbers) was 74 990, TW (repeated 
sampling waiting time) was 2000 ms, PRG (pre-amplifier gain)  
was 3, NECH (echo number) was 3000, TE (wait time of 
repeated sampling) was 0.25 ms, SW (receiver receives the signal 
frequency) was 100 kHz, RFD (radio frequency delay) was 0.08 ms, 
RG1 (transmission gain) was 20 dB, DRG1 (digital gain) was 1, DR 
(data radius) was 1, and NS (repeated sampling frequency) was 64. 
2.3.3  Standard germination test   

The standard germination test for rice seeds after NMR 
collection was conducted while referring to the germination 
conditions in the international rules for seed inspection.  The rice 
seeds were disinfected in a 3% hypochlorous acid solution and then 
rinsed with distilled water thrice.  Then, they were evenly spread 
in the germination cabinet and covered with germination paper.  
An appropriate amount of distilled water was subsequently injected 
to promote germination (the amount of distilled water added should 
be sufficient to soak the filter paper and the seeds; a pipettor was 
used to remove the extra distilled water to allow an equal amount 
of distilled water to be added to each test sample).  Next, each 
group of samples was placed in a smart artificial climate incubator 
at a temperature of 27ºC to ensure a constant temperature culture 
for 6 d, with the incubator set to a segmented mode with 12 h 
illumination and 12 h darkness.  The water content of the filter 
paper was observed every day, and if necessary, replenished.  The 
number of germinated seeds and the seedling height were also 
recorded.  After 6 d, the seedling height was measured, and seeds 
with a seedling height exceeding 4 cm were identified as high vigor 
seeds.  The germination index (GI), vigor index (VI), and high 
vigor seed ratio (HVR) were calculated using the formulas listed 
below. 
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                    (1) 

where, N is the number of days, Dt is the number of germination 
days and Gt is the corresponding number of germinated seeds per 
day. 

                   VI = GIS                    (2) 
where, S is the normal seedling height at a certain period, cm. 

                  HVR = N1/N2100%               (3) 
where, N1 is the number of rice seeds with a seedling height greater 
than 4 cm after 6 d and N2 is the number of seed samples. 
2.4  Data processing   

All data acquired in the LF-NMR spectroscopy and standard 
germination tests was processed using the SPSS 20.0 software.  
The data was expressed as the mean±standard deviation.  To 
eliminate the influence of the initial quality of rice on the test 
results, the signal amplitudes of all the test samples were 
normalized by mass in groups of 0.5 g.  Data with a high degree 
of discreteness was carefully handled during processing, as 
differences in the sample composition, NMR instruments, or 
measurement parameters could yield different results. 

3  Results and discussion 

3.1  Internal water phase division of new, old, and aged seed  
Figure 1 shows the T2 relaxation spectrum of the samples 

including the relaxation time and the corresponding relaxation 
signal component, obtained by fitting and inverting the T2 decay 
curve acquired by the CPGM pulse sequence into the relaxation 
model using an iterative optimization method.  The abscissa is 
100 transverse relaxation time components T2 logarithmically 
distributed from 10-2 ms to 104 ms, and the ordinate is the signal 
component A2i corresponding to each relaxation time (to facilitate 
quantitative analysis, all signal components were normalized by 
mass).  According to the NMR principle, this signal component is 
proportional to its component content.  The integral amplitude A 
is the sum of all components, which is the semaphore of the 
sample[20-26]. 

 
Note: The new seeds were Shennong No. 9816 rice seeds harvested in 2018, the 
old seeds were Shennong No. 9816 rice seeds harvested in 2017, and the aged 
seeds were Shennong No. 9816 rice seeds harvested in 2018 and subjected to an 
artificially accelerated aging test. 

Figure 1  Inversion spectrum of transverse relaxation time T2 of 
rice seeds with different vigor levels 

 

Spin-lattice relaxation (longitudinal relaxation time, T1) and 
spin-spin relaxation (transverse relaxation time, T2) are two 
primary LF-NMR parameters that characterize proton relaxation, of 
which T1 measures the recovery curve, while T2 measures the decay 
curve.  Because of its high sensitivity and short acquisition, T2 
provides significantly more information about the relaxation time 
(T2 can measure 1024 data points, whereas T1 can only measure 25 
points), and is consequently becoming more and more popular.  
The T2 relaxation time reflects the chemical environment of the 
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hydrogen protons in the sample.  It is related to the binding force 
and the degree of freedom of the hydrogen protons, whereas the 
degree of hydrogen proton binding is closely associated with the 
internal structure of the sample[27-32].  The greater the binding of 
hydrogen protons, i.e., the smaller the degree of freedom of 
hydrogen protons, the shorter the T2 relaxation time, which 
corresponds to a location more towards the left in the T2 inversion 
spectrum; however, for a longer T2 relaxation time, the location is 
more toward the right[33-41]. 

From the T2 distribution curve of the rice seed samples in 
Figure 1, it can be seen that there are consistently two peaks in the 
T2 inversion spectrum no matter the seed is new, old, or has 
undergone an artificial accelerated aging test.  The water phase 
model of the relaxation spectrum was then analyzed according to 
the rice seed sample, and it was concluded that the relationship 
between the peak and the water phase can be described as follows: 
the first peak, T21, whose relaxation time is less than 10 ms, 
corresponds to the bound water content, and its signal amplitude is 
A21.  This water is absorbed by hydrophilic colloids such as starch 
and protein in the seeds owing to the gravitational force between 
molecules; however, it is difficult to evaporate from the seeds and 
hence, less mobile.  The second peak, T22, whose relaxation time 
is greater than 10 ms, corresponds to the free water content, and its 
signal amplitude is A22.  This water is relatively loosely present in 
the seeds owing to capillary gravitation and can move freely.  It 
exhibits the properties of ordinary water, exists in the intercellular 
space, and can be evaporated easily.  The semaphore A of the 
sample here is A21+A22.  By analyzing Figure 1, it is found that the 
bound water contributes more significantly to the overall signal 
than the free water. 
3.2  Transverse relaxation time differences for bound water 
content in new, old, and aged seeds 

A total of 60 samples, including new seeds, old seeds, and 

seeds that underwent the accelerated aging test, were tested.  The 
T2 decay curves were measured separately, and the T2 distribution 
curves were obtained by iterating the inversion algorithm 10000 
times.  The basic statistical information of the T2 distribution 
relaxation time is listed in Table 2. 

 

Table 2  Transverse relaxation time for water phase division 

Group Number 
Onset time of 

peak/ms 
Peak time/ms 

End time of 
peak/ms 

T21 

New seeds 0.01±0 0.5174±0.0328 2.31±0 

Old seeds 0.01±0 0.5295±0.0368 2.3328±0.1113 

Aged seeds 0.01±0 0.6181±0.0433 2.7796±0.2204 

T22 

New seeds 21.6204±5.2942 96.9172±12.9939 615.1375±436.6305 

Old seeds 21.5652±4.8866 97.6248±12.0601 572.1727±324.4439 

Aged seeds 23.9896±4.9205 105.4875±12.9402 420.6590±59.5991 

Note: The first peak: T21, The second peak: T22.  All the statistical data is 
measurement data, and is expressed as mean ± standard deviation.     

 

An analysis of Table 2 reveals that, compared with new seeds, 
the peak time and the end time of T21 peak of old seeds and 
artificial accelerated aging seeds exhibit an increasing trend, 
whereas the end time of T22 peak exhibits a decreasing trend.  This 
indicates that, compared with the new seeds, the binding ability of 
the internal combined water and other substances is weakened, and 
the degree of freedom of free water is weakened.  Herein, all the 
data are analyzed further in terms of frequency, in an attempt to 
reveal its changing trend more clearly. 

Figure 2 shows the differences in the transverse relaxation time 
of the internal bound water content (transverse relaxation time T21, 
signal amplitude A21) of new, old, and aged seeds.  In all three 
figures, the ordinate represents the three types of rice seed samples 
and the abscissa denotes the number of seeds of the different time.  
The stacked column chart demonstrates the proportion of the 
number of seeds of each time. 

 
a. Onset time of peak b. Peak time c. End time of peak 

Note: The new seeds were Shennong No. 9816 rice seeds harvested in 2018, the old seeds were Shennong No. 9816 rice seeds harvested in 2017, 
and the aged seeds were Shennong No. 9816 rice seeds harvested in 2018 and subjected to an artificially accelerated aging test.  Figure a-c 
respectively show the number of seeds of peak start time, peak point time, and peak end time for different types of samples. 

Figure 2  Transverse relaxation time differences for bound water content in new, old, and aged seeds 
 

Figure 2a reveals that the internal bound water in the new, old, 
and aged seeds has the same peak onset time of 0.01, which 
suggests that this parameter cannot be used to differentiate the 
vigor levels of the rice seed samples. 

Figure 2b indicates different proportions of the frequencies of 
the peak times for the different types of seeds.  For the new seeds, 
the T21 peak times of 0.498 and 0.572 correspond to proportions of 
73.75% and 26.25%, respectively; for the old seeds, they are 57.5% 
and 42.5%, respectively; and for the aged seeds, they are 46.25% 
and 53.75%, respectively.  The average locations of the peak 

times are all towards the right.  Compared with the new seeds, the 
time position of the peak points of the other two rice seeds 
exhibited a rightward-shifting trend. 

Figure 2c depicts a more significant difference in the 
proportions of the frequencies of the end times of the peak for the 
different types of seeds.  For the new seeds, the end times of the 
T21 peak of 2.31 ms, 2.656 ms, and 3.054 ms correspond to 
proportions of 100%, 0%, and 0%, respectively; for the old seeds, 
they are 91.25%, 8.75%, and 0%, respectively; and for the aged 
seeds, they are 5%, 58.75%, and 36.25%, respectively.  Compared 
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with the new seeds, the mean position of the peak end times of the 
other two types of rice seeds shifted more significantly to the right. 

The transverse relaxation time reflects the binding ability of 
the internal water of the sample with other substances in the sample.  
Figure 2b and Figure 2c indicate that this binding ability is 
weakened once the rice seeds are aged.  
3.3  Transverse relaxation time differences for free water 
content in new, old, and aged seeds 

Figure 3 shows the differences in the transverse relaxation time 

of the internal free water content (transverse relaxation time T22, 
signal amplitude A22) of the new, old, and aged seeds.  Figure 
3a–c respectively indicate the difference in the distribution of the 
peak onset time, peak time, and peak end time of the internal free 
water for the three types of rice seeds.  Three colors are used in 
the figures to distinguish seeds with different vigor levels.  The 
abscissa denotes the three types of rice seed samples and the 
ordinate indicates the time in milliseconds.  The size of the bubble 
indicates the frequency of each time. 

 
a. onset time of peak b. peak time c. end time of peak 

 

Note: The new seeds were Shennong No. 9816 rice seeds harvested in 2018, the old seeds were Shennong No. 9816 rice seeds harvested in 2017, and the aged seeds 
were Shennong No. 9816 rice seeds harvested in 2018 and subjected to an artificially accelerated aging test.  The size of the bubble indicates the frequency of each time. 

Figure 3  Transverse relaxation time differences for free water content in new, old, and aged seeds 
 

Figures 3a and 3b reveal that there are no substantial 
differences in the distribution of the onset time and the peak time of 
the T22 peak of the internal free water in the new, old, and aged 
seeds, suggesting that the end time of the T22 peak reflect the seed 
vigor.  However, the difference in the end-time distribution of the 
T22 peak is extremely significant for the three seeds, as shown in 
Figure 3c.  The figure reveals that the new seeds have the longest 
end time of the T22 peak, followed by the old seeds and the aged 
seeds.  This suggests that the free water in the new seeds has the 
highest degree of freedom, followed by that in the old seeds, with 
the free water in the aged seeds having the lowest degree of 
freedom.   
3.4  Effect of differences in seed vigor on signal amplitude in 
NMR inversion spectrum 

The existing state of the seed’s water content is closely related 
to the life activities of the seed.  When there is only bound water 
in the seed, the hydrolase in the seed is inactive, and the 
metabolism of the seed is extremely low.  However, when the 
proportion of free water in the seed increases, the hydrolase goes 

into an activated state, causing the seed respiration intensity to rise 
and the seed vigor to decrease rapidly.  Therefore, the internal 
water state and its distribution have an important impact on the 
seed vigor.  The information on the signal amplitude and peak 
ratios of the three types of rice seeds is listed in Table 3.  The 
peak ratio is the percentage of A21 and A22 in A. 

According to the principle of LF-NMR, the amplitude of each 
peak reflects the water content of the different types and total water, 
and the radio of each peak reflects the proportion of the different 
types of water in total water.  As presented in Table 3, compared 
with the new seeds, the combined water content in the seeds of the 
other two types of rice showed an increasing trend, the internal free 
water content changed irregularly, and the total water content 
exhibited an increasing trend.  The proportion of combined water 
in the seeds of the other two types of rice increased, whereas the 
proportion of free water in the seeds decreased.  To illustrate the 
differences among the three more intuitively, the combined water, 
free water, and total water moisture content were used to draw a 
three-variable bubble diagram, as shown in Figure 4. 

 

Table 3  Signal amplitude and peak ratio for moisture phase division 

Type Signal amplitude of A21/AU Peak radio of A21/% Signal amplitude of A22/AU Peak radio of A22/% Signal amplitude of A2/AU 

New seeds 4567.417±109.116 82.698±0.534 942.250±44.751 17.056±0.568 5228.922±170.119 

Old seeds 4855.106±135.235 82.899±0.809 987.158±49.190 16.860±0.811 6058.313±325.032 

Aged seeds 5996.725±455.928 86.451±1.023 915.832±30.425 13.281±1.013 6814.125±216.982 

Notes: Values in table are means±standard deviation. 
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Note: The new seeds were Shennong No. 9816 rice seeds harvested in 2018, the 
old seeds were Shennong No. 9816 rice seeds harvested in 2017, and the aged 
seeds were Shennong No. 9816 rice seeds harvested in 2018 and subjected to an 
artificially accelerated aging test.  The size of the bubbles indicates the overall 
signal amplitude of water in the samples.  

Figure 4  Effect of differences in seed vigor of new, old, and aged 
seeds on signal amplitude in the NMR inversion spectrum 

 

Figure 4 depicts the effects of the differences in seed vigor for 
the new, old, and aged seeds on the signal amplitude in the NMR 
inversion spectrum.  The abscissa denotes the signal amplitude of 
free water, the ordinate represents the signal amplitude of bound 
water, and the size of the bubbles indicate the overall signal 
amplitude of water in the samples.  A bubble chart was adopted as 
it best displays the relationship among the three variables of the 
three seed types. 

Figure 4 suggests that after the seeds are aged, compared to the 
new seeds, the total amplitude of the A peak in the other two types 
of rice seeds increases, indicating that the water content increases.  
The figure also indicates that the overall water content of the aged 
and old seeds is higher than that of the new seeds, which is 
consistent with the known conclusion that a very high internal 
water content results in reduced seed vigor, further validating the 
fact that LF-NMR technology is effective for testing rice seed vigor.  
If the internal water content of the seeds is too high, the respiratory 
metabolism of the seeds increases, which substantially accelerates 
the consumption of substances in seeds, thereby reducing seed 
vigor.  In addition, seeds with a high-water content consume more 
oxygen owing to vigorous respiration, and as a result of hypoxia, 
they produce a large number of organic substances such as ethanol, 
which poisons the seed embryonic cells and causes them to lose 
vitality, resulting in reduced seed vigor. 

Figure 4 also effectively shows the difference between 
artificially aged seeds and naturally aged seeds.  Although the 
overall water contents of the two aged samples are both higher than 
that of the new seeds, the free water content of the artificially aged 
seeds is lower than that of the new seeds, while that of the naturally 
aged seeds is higher than that of the new seeds.  This is because, 
during the artificially accelerated aging test, the rice seeds were 
placed in an environment at 45 ºC and 100% relative humidity for 
continuous aging over 72 h.  The high temperature and humidity 
promoted cell metabolism, causing the cells to metabolize more 
vigorously, the concentration of organic carbohydrates such as 
fructose and glucose to continuously increase, and the water to 
convert to the bound state.  Therefore, the bound water content 
significantly increased, while the free water content decreased. 

Seeds are a colloidal substance with a porous capillary structure,  

whose surface and inner wall can absorb water vapor or gas 
molecules of other volatile substances.  In addition, the water 
vapor or other volatile substances absorbed by the surface and the 
inner wall of the seeds can be released into the environment.  This 
absorption and resolution process of the seed will reach a dynamic 
equilibrium after a certain period of time.  Because old seeds are 
stored in air for a long time, the water in the air absorbed by the 
seeds exists in the free state.  This free water, which reflects water 
solubility, metabolic activity, and membrane permeability, is highly 
mobile and can easily be dissipated in the rice seeds.  When the 
proportion of the free water is sufficiently large, the primary 
viscosity of the substance reduces and the metabolism increases.  
At this stage, the concentration of carbohydrates that participate in 
the metabolism, such as glucose and fructose, will increase, causing 
the free water to transform into bound water, thereby reducing its 
concentration.  Therefore, in old seeds, the distribution of free 
water and bound water vary.  This study found that both increased 
by a small amount. 
3.5  Verification of differences in seed vigor of new, old, and 
aged seeds using standard germination test 

Figure 5 shows an image of the standard germination test used 
to determine the seed vigor of the samples.  The image shown was 
taken on the 5th day of germination for a group of new seed test 
samples.  The picture clearly indicates that the germination rate of 
this group is 100%, and the heights of the seedlings vary. 

 

 
Figure 5  Rice seed standard germination test process 

 

The number of germinations per day and the height of each 
seedling were recorded, and the GI, VI, and HVR values were 
calculated using the equations given above.  The values are listed 
in Table 4.  

 

Table 4  Rice seed germination indices under standard 
germination test 

Type GI VI HVR 

New seeds 6.479 18.10 85.0% 

Old seeds 5.933 15.24 67.5% 

Aged seeds 6.229 16.73 75.0% 

Note: The seeds were Shennong No. 9816 rice seeds harvested in 2018, the old 
seeds were Shennong No. 9816 rice seeds harvested in 2017, and the aged seeds 
were Shennong No. 9816 rice seeds harvested in 2018 and subjected to an 
artificially accelerated aging test.  

 

The germination temperature was 27ºC under 12 h illumination 
and 12 h darkness for 6 d.  GI is the germination index, VI is the 
vigor index, and HVR is the high vigor seed ratio.  The data in 
Table 4 reveals that the GI, VI, and HVR of the new seeds are 
clearly higher than those of the naturally old seeds and artificially 
aged seeds.  The process of the seed absorbing water and 
expanding, and the radicle breaking through the seed coat to reveal 
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a white spot is called “sprouting” or “seed breaking”, which is 
recognized as the start of germination during the tests and is thus 
recorded as “germination”.  However, the large number of test 
samples and variation in the observation angles introduced a high 
level of subjectivity.  When the seed germ started to grow, the 
height of the seedling was measured and recorded daily, but the 
randomness of the growth direction and the seedling’s curved 
growth feature made it more difficult to avoid human error in this 
part of the test.  Therefore, the test results were considered valid 
only when the difference between the highest and the lowest values 
of four repeated measurements were within the maximum 
allowable range specified in the test process; the average was then 
used as the vigor level data for the batch of seeds.    

The standard germination test verified the vigor level of the 
test samples and determined the standard adopted for the samples 
during the LF-NMR test.  The standard germination test involved 
highlighted the convenience and speed of the LF-NMR 
nondestructive testing method, suggesting that this method of 
testing seed vigor can be used to obtain theoretical values and had 
good research prospects.  The water status, distribution, and 
content of rice seeds with different vigor were observed.  A 
multi-variety trial can be conducted to verify whether these 
changes can reflect the seed vigor level, which will be proved by 
further tests.  

4  Conclusions 

The internal bound water content (transverse relaxation time 
T21, signal amplitude A21) of the new, old, and artificially aged 
seeds demonstrated significantly different the peak time and the 
end time frequencies of the peak.  For aged seeds, the binding 
ability of the internal water with other substances is weakened, 
increasing the transverse relaxation time.  

The internal free water content (transverse relaxation time T22, 
signal amplitude A22) of the new, old, and artificially aged seeds 
demonstrated significantly different end times of the peak.  The 
new seeds had the longest end time of the T22 peak, followed by the 
old seeds and the aged seeds.  This suggests that the free water in 
the new seeds has the highest degree of freedom. 

The overall water content of the aged and old seeds is higher 
than that of the new seeds, which is consistent with the known fact 
that a very high internal water content leads to reduced seed vigor, 
further validating the fact that the LF-NMR technology is effective 
for testing rice seed vigor.  In addition, the technology can 
effectively identify the differences of water content and water 
distribution of rice seeds between artificially aged and naturally 
aged seeds.  Although the overall water content of the two aged 
samples with poor vigor is higher than that of the new seeds, the 
free water content of the naturally aged seeds is the highest 
followed by the new seeds and the artificially aged seeds.  This 
suggests that LF-NMR technology can be used to easily identify 
seeds aged naturally and artificially based on their internal water 
distribution. 
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