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Detection of rice seed vigor by low-field nuclear magnetic resonance
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Abstract: A new method to predict the seed vigor of rice was developed to control adulteration during the seed trading process
and to address the deficiencies of traditional manual detection methods. Low-field nuclear magnetic resonance (LF-NMR)
technique was used to detect the vigor of rice seeds. Four varieties (Beijing-1, Qianchonglang-2, Yanfeng-47 and
Shennong-265) of rice seeds from the Rice Research Institute of Shenyang Agricultural University were chosen for the
experiment. The transverse relaxation time T,, T,; and T,, were observed in the experiment. The peak start time of free
water (transverse relaxation time T,,), signal amplitude of bound water (transverse relaxation time T,;), and moisture content
decreased with the decrease in the vigor of the seeds. There were no obvious trends observed for the top of the peak and the
end point of the transverse relaxation time T,,. In addition, the start, top, and end time of the peak (transverse relaxation time
T,1), and the signal amplitude of bound water showed no consistent changes. The results indicated that LF-NMR could be
used as a method to distinguish the vigor of rice seeds rapidly. This study provided theoretical basis and technical support for
the rapid detection of rice seed vigor.
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. techniques.
Introduction

These detection methods have the advantage of being

Seed vigor is an indicator of the integrative performance of the
seed during the period of germination and emergence of the
seedling. It is the potential ability of the seeds to grow quickly
and develop into seedlings under the sowing conditions!**l. Rice
is one of the main food crops, and the vigor level of the rice seed
directly affects the seedling, which has an important influence on
the yield of grain crops*®..  Adulteration was hard to detect and
the fake seeds has the lower vigor, adulteration will result in heavy
losses for famers. The main methods used for the detection of
seed vigor are the direct method and the indirect method. The
former is observed by simulating adverse conditions in the field to
influence the speed of seedling growth, and the latter involves
measuring some factors that are associated with seed vigor, such as
physiological or biochemical indexes of the physical properties that
indirectly determinate the seed vigor'®. The ISTA handbook
(ISTA procedure, third edition, 1995) for the determination of seed
vigor recommends seven kinds of seed vigor testing methods,
which use conductivity and accelerated aging as the measurement
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intuitive, but they have the disadvantages of manual operation, long
operation time, subjective factors, extensive workload, and low
efficiency!.  With the development of nondestructive testing
technology, agricultural experts have increasingly performed
various researches and achieved some remarkable results for seed
vigor detection®,  Kandpal et al.*® used Near-infrared
hyperspectral imaging system predict viability and vigor of
muskmelon seeds. Marchi et al.*® used software of seed vigor
imaging system assess vigor of carrot seeds. Cheng et al.*7 used
the electronic nose to detect the germination rate of adulterated
tomato seeds. The sampling results were classified and analyzed
by back-propagation neural network. Zhu et al. ™ analyzed the
hardness characteristics of three varieties of soybean and cassia
seeds by using near-infrared spectroscopy and established a
qualitative analysis model. Wen et al.l'! used electrospray
extraction and ionization mass spectrometry to realize the
determination of the seed vigor of soybean from different water
extracts of soybean. Deng et al.®®! used computer imaging
technology to determine the length and growth rate of the seedlings
of Chinese fir and Masson’ pine and evaluate the seed vigor.
However, the study of rice seed vigor using low-field nuclear
magnetic resonance (LF-NMR) technique has not yet been reported.
This research uses LF-NMR technology to overcome the
disadvantages of the above studies, which are low efficiency and
dependence on artificial detection techniques such as electrical
conductivity measurement and accelerated aging test. Rice seeds
were used as the research object, and LF-NMR technology was
used to detect the vigor of the rice seeds. The new method can
quantitatively predict seed vigor and provides theoretical basis and
technical support for the nondestructive testing of seed vigor.
This research has high practicability and broad application
prospect.
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2 Materials and methods

2.1 Nuclear magnetic resonance imaging

NMR is a nondestructive testing technology, which can be
used to study the changes in the moisture distribution in the sample.
NMR is based on the principle that the self-spin of the nucleus in
the magnetic field follows the law wy=yB, (B, is the magnetic field
intensity expressed in Tesla, y is the geomagnetic ratio, wy is the
Larmor frequency expressed in megahertz)??*?3.  The nucleus will
undergo resonance when the radio frequency field is equal to the
Larmor frequency. After the cessation of the RF pulse, the
progression of the intensified self-spin nucleus from the state of
activation to the state of equilibrium is called the relaxation process,
and the time required for it is the relaxation time.

Different substances and different components of the same
substance have different relaxation time in NMR testing, which can
be utilized to distinguish between them!?®l.  In NMR spectroscopy,
all hydrogen atoms in the sample will be excited by the hard
radiofrequency pulse, thus generating a superposition relaxation
signal that contains all the hydrogen protons.  After obtaining the
superimposed signal, the inverse operation of the NMR signal
amplitude and the relaxation time are needed to distinguish
between different components in the sample. The spectra
obtained by the inverse operation are called the NMR inversion
spectra.

2.2 Materials

In this study, MiniMR-60 NMR (magnet type: permanent
magnets, magnetic field intensity: (0.5040.05) T, radio pulse
frequency: 12.2 MHz, magnet temperature: 32<C, probe coil
diameter: 15 mm; Shanghai new McLaren electronic technology
Co., Ltd.) was used to measure the relaxation time T, and the signal
amplitude of the sample. The tested rice varieties were Beijing-1,
Qianchonglang-2, Yanfeng-47 and Shennong-265 provided by the
Rice Research Institute of Shenyang Agricultural University in
2017.

2.3 Methods
2.3.1 Sample preparation

The rice seed varieties of Beijing-1, Qianchonglang-2,
Yanfeng-47, and Shennong-265 were chosen for the experiment.
The test sample comprised 3200 randomly selected mature seeds of
each variety. The samples for each variety were divided into three
groups of 200 grains, 1140 grains, and 1860 grains. The samples
in the first group were used for the germination test to obtain the
germination rate of normal-vigor seed according to Chinese
National standard GB/T 3543.4-1995!).  The results of the
germination test showed that the germination rate was nearly 100%.
The samples in the second group were placed in an electric blower
drying box and continuously dried for 6 h at 80T to obtain seeds
without vigor.  The seeds were stored under room temperature and
humidity for seven days. The samples in the second group were
added to samples of the third group, and five gradient aging groups
with seed germination rates of 100%, 90%, 70%, 50% and 0% were
obtained. Each gradient aging group contained 50 grains of each
rice variety. The number of non-viable seeds in the five groups
was 0, 5 15, 25 and 50. We could conclude that the
corresponding germination rate was 100%, 90%, 70%, 50% and
0%. Twelve parallel experiments were conducted for each group.
The details of each group are shown in Table 1. The 240 samples
(4 seed varieties < 5 gradient aging groups > 12 parallel
experiments) were placed in a self-sealing bag.

Table 1 Grouping information of ageing rice seeds

Variety Classes Grouping n/group
Beijing-1 non-glutinous rice ABCDE 50
Qianchonglang-2 non-glutinous rice ABCDE 50
Yanfeng-47 non-glutinous rice ABCDE 50
Shennong-265 non-glutinous rice ABCDE 50

Note: In the grouping of the ageing seeds, A contains 50 vigorous seeds with
100% seed germination rate; B contains 45 vigorous seed and 5 non-viable seeds,
and the seed germination rate is 90%; C contains 35 vigorous seeds and 15
non-viable seeds, and the seed germination rate is 70%; D contains 25 vigorous
seeds and 25 non-viable seeds, and the seed germination rate is 50%; E contains
50 non-viable seeds, and the seed germination rate is 0%.

2.3.2  NMR spectroscopy

To balance the volatile matter at the top, all the samples were
placed in a confined space for 1 h®J.  Firstly, the samples were
placed in a centrifuge tube of 2-mL capacity. Secondly, the
centrifuge tube was placed at the bottom of glass tube of 12-mm
diameter. Finally, the glass tube was placed at the NMR center to
acquire the NMR spectrum signal. The sample attenuation curve
was obtained, and then the transverse relaxation time and NMR
signal amplitude of the samples were determined. The test was
repeated four times.

The CPMG pulse sequence parameters are as follows. Radio
frequency signal principal value: SF1= 12 MHz (consistent with
the magnet principal value); offset of radio frequency signal: O1 =
212605.51 kHz (very slight changes in each test); 90°
radiofrequency pulse width: P1=7.5 us; number of sampling points:
TD = 163840; repeated sampling interval time: TW = 1000 ms;
pre-amplifier gain: PRG=2; 180< radiofrequency pulse width:
P2=11.52 us; echo number: NECH =2000; wait time of repeated
sampling TE =0.41 ms; receiver receives the signal frequency:
SW = 200 kHz; starting point for the sampling: RFD=0.02 ms;
analog gain: RG1 =20 dB; digital gain: DRG1 =3; data radius:
DR = 1; accumulative sampling number: NS=32.

2.3.3 NMR spectrum inversion

The ‘.pea’ file collected in the NMR spectrum analysis
software was accessed using NMR inversion software. The
sampling data of the peak number, peak starting time, peak point
time, peak end time, peak area, peak ratio, and total area of the
samples were obtained through an inversion operation.

2.4 Data processing

This research uses the SPSS 20.0 software for processing the
data from the NMR inversion software. The average and standard
deviation of the transverse relaxation time T, of each peak starting
time, peak point time, peak end time, and peak area were calculated.
Finally, the post-processing data, which regard as the value of the
sample NMR signal, were analyzed and processed.

3 Results

3.1 Relationship between transverse relaxation time and vigor
of rice seeds

The multi-component characteristics of the NMR spectra
relaxation time T, of four rice seed varieties of different vigor
gradients are presented. There were two peaks in each T,
inversion spectra. Based on the NMR principle, the relaxation
time T, of protons in different environments is different. The
shorter the relaxation time T,, the higher the level of combination
of water and matter, and the lower the degree of freedom of the
protons. The longer the relaxation time T, the lower the
combination of water and matter, and the higher the degree of
freedom of the protons. Therefore, the relaxation time T, can
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indirectly indicate the free or bound state characteristics of
water®?1. The NMR T, relaxation spectrum for the Beijing-1
sample was obtained by randomly selecting one test sample for
each vigor gradient, as shown in Figure 1. In Figure 1, each peak
end time, which is T,;, indicates the transverse relaxation time of
the i-th component.  The internal moisture content of the rice seed
can be divided into bound water and free water based on the
differences in the transverse relaxation time of the NMR inversion
spectrum.
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Note: Sample types: Beijing-1. In the grouping of the ageing seeds, A contains
50 vigorous seeds with 100% seed germination rate; B contains 45 vigorous seed
and 5 non-viable seeds, and the seed germination rate is 90%; C contains 35
vigorous seeds and 15 non-viable seeds, and the seed germination rate is 70%; D
contains 25 vigorous seeds and 25 non-viable seeds, and the seed germination
rate is 50%; E contains 50 non-viable seeds, and the seed germination rate is 0%.

Figure 1  Spectrum inversion of transverse time T, of rice seeds

10000

The short relaxation time T, (0.1-5 ms) was an influencing
factor for the bound water; the long relaxation time T, (20-200 ms)

was an influencing factor for the free water. The relaxation time
T, indicates the chemical environment of the internal hydrogen
proton. The larger the binding force of the hydrogen protons, the
smaller the degree of freedom, the shorter the relaxation time T,,
and the closer the peak position of the relaxation spectrum T, to the
left end of the axis. In contrast, the smaller the binding force of
the hydrogen proton, the greater the degree of freedom, the longer
the relaxation time T, and the closer the peak position of the
relaxation spectrum T, to the right end of the axis. The peak start
time, peak point time, and peak end time of the bound water of
different vigor gradients (transverse relaxation time is T,;) do not
follow an obvious trend. However, as shown in Table 2, the
poorer the vigor of the rice seeds, the lager is the dispersion of the
sampling data of the peak end time. It is not recommended that
the use of this small change be regarded as the basis for
differentiating the vigor of seeds.

This research observed the changes in the transverse relaxation
time T,, of free water through data analysis. As shown in Table 3,
it was found that the poorer the vigor of the sample, the smaller is
the initial time of the peak. This implies that the poorer the vigor
of the sample, the weaker is the freedom of moisture content in the
sample. However, the vigor of the sample at the peak of the
transverse relaxation time T, and the end point did not follow an
obvious trend.

Bound water and free water is in the living organisms exist in
different proportions but have a dynamic balance. The different
water ratios responsible for the different properties of various
organisms?®.  The difference between free water and bound
water is based on the strength of attraction between substances.
The vigor of rice seeds can be detected by the difference in the
transverse relaxation time of the samples, which were collected by
NMR. We can distinguish between normal rice seeds and
adulterated rice seeds based on the peak time of the transverse
relaxation time T»,. The lower the vigor of rice seeds, the weaker
is the freedom of the moisture content and the smaller is the initial
time of the peak in the sample. The sampling time of the NMR
test was approximately 40 s. It is concluded that the LF-NMR
technology can be used to realize the rapid detection of seed vigor
according to the starting time of the peak of the transverse
relaxation time To,.

Table 2 Peak of transverse relaxation time Ty,

Variety Germination rate n Onset time of peak/ms Peak time/ms End time of peak/ms
100% 48 0.01 0.7565 3.153940.1920
90% 48 0.01 0.753410.1748 3.111140.1537
Beijing-1 70% 48 0.01 0.760040.0200 3.18254.2089
50% 48 0.01 0.722640.0475 3.224940.2249
0% 48 0.01 0.607140.0428 2.919440.5906
100% 48 0.01 0.704140.0500 3.070040.1354
90% 48 0.01 0.701040.0497 3.045240.1695
Qianchonglang-2 70% 48 0.01 0.66710.0292 3.006040.1729
50% 48 0.01 0.673340.0363 3.073740.2047
0% 48 0.01 0.653240.0400 3.244440.6193
100% 48 0.01 0.734940.0414 3.068240.0808
90% 48 0.01 0.745540.0316 3.024440.1062
Yanfeng-47 70% 48 0.01 0.704110.0450 3.068240.0808
50% 48 0.01 0.694910.0485 3.112940.1877
0% 48 0.01 0.615140.0435 2.98970.6079
100% 48 0.01 0.7565 2.871140.2010
90% 48 0.01 0.742530.0325 3.125440.3214
Shennong-265 70% 48 0.01 0.721440.0311 3.021440.1457
50% 48 0.01 0.695240.0325 3.05870.1569
0% 48 0.01 0.613840.0435 2.886740.5727

Note: All statistical data are measurement data expressed as mean =*standard deviation (X +s ).
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Table 3 Peak of transverse relaxation time To,

Variety Germination rate No. Onset time of peak/ms Peak time/ms End time of peak/ms
100% 48 37.565042.4844 48.47844.9840 169.4747415.6960
90% 48 36.775842.7330 78.170525.4473 170.2085422.7365
Beijing-1 70% 48 35.124143.3536 78.216746.0583 170.0860421.3978
50% 48 32.560843.7259 77.200745.9900 181.7132424.6567
0% 48 27.401834.2564 73.845044.7657 168.265018.5124
100% 48 34.990244.3910 77.64707.2750 175.1227420.5850
90% 48 34.834943.4506 78.92506.3802 172.3563422.2711
Qianchonglang-2 70% 48 33.322443.1104 78.262746.6127 169.8868+19.8015
50% 48 31.278043.5920 77.200745.9900 180.5279420.6806
0% 48 24.354445,0897 74.835645.6188 181.5544428.3244
100% 48 38.02053.8358 77.50865.6270 158.5051+18.6460
90% 48 37.654643.8980 76.704146.5871 168.6501425.8708
Yanfeng-47 70% 48 34.051343.1458 76.800645.0584 175.9492426.6562
50% 48 33.1891+43.2251 77.86265.8576 176.1683428.3216
0% 48 26.870144.6218 75.307247.0551 182.029537.5375
100% 48 33.673241.9471 66.094342.7093 128.750011.4095
90% 48 32.125742.3657 77.23583.2658 168.2354426.5358
Shennong-265 70% 48 31.3594+43.1569 78.326526.2547 169.3654424.3698
50% 48 28.354742.6954 76.235445.1235 175.2368+17.2536
0% 48 24.949346.3164 75.787248.3690 182.4001432.3312
Note: All statistical data are measurement data expressed as mean =*standard deviation (X £s)
3.2 Relationship between amplitude of NMR inversion 5000
spectrum and vigor of rice seeds g’?::“ci'oln —_
The total amplitude of the T, relaxation spectrum from the gYanfeng-f .
NMR is A (T, relaxation spectrum corresponding to the totalpeak 000 F Shennong-265
area of each peak). It is proportional to the number of hydrogen 5
atoms in the sample.  Therefore, the total T, relaxation spectrum § 3000 - -
amplitude ‘A’ reflects the overall moisture content in the samples. % g
In this case, the signal amplitude of the transverse relaxation time g ;
T, is denoted by A,;, and the signal amplitude of the transverse T A0r g
relaxation time T,, is denoted by A,. A represents the total Z ;
moisture content of the rice seeds; then, A=A, +A,, where, Ay 1000 - Eg
indicates the bound water and A,, indicates the free water content. Q
3.2.1 Effect of overall moisture content on seeds vigor. : ‘ ‘ g .

Figure 2 shows the variation in the total water content of the
rice seeds, which comprise four varieties of rice of different vigor
gradients. The horizontal depicts axis the germination rate of the
rice seeds of different vigor, and the vertical axis is the NMR signal
amplitude corresponding to the relaxation time T,. In Figure 2,
the total moisture content of the four varieties of rice seeds
decreases with the vigor of the seeds. This indicates that the
samples with different germination rates (100%, 90%, 70%, 50%
and 0%) can be distinguished by the variation in their total water
content. In order to reduce the vigor of the seeds of rice and
obtain the non-viable seeds, this experiment adopted the method of
ultra-high temperature drying because the low moisture content can
make the seeds lose their vigor. The higher the number of
non-viable seeds, the lower is the amplitude of the MRI signal.
This suggests that the NMR technology can be used as a new way
to test the vigor of seeds.

Nevertheless, if we expose non-viable rice seeds to a damp
environment, their inherent characteristic to absorb moisture from
the surrounding environment increases the total moisture content of
the seeds. This suggests that the change in the rice seed moisture
content is not an accurate indicator of the overall vigor level.

Germination rate/%

Figure 2 Changes in the signal amplitude of the overall moisture
of rice seeds with diverse germination rates

3.2.2 Effect of free water content inside the seeds on seed vigor
Figure 3 shows the variation in the free water content for
different varieties of rice seeds with varying vigor gradients. The
horizontal axis shows the germination rates for the rice seeds of
different vigor. The vertical axis is the signal amplitude of free
water, which corresponds to the relaxation time T,,. There are no
obvious rules for the variation in the freedom of internal water
according to the decrease in the vigor of the seeds. It can be
concluded that the signal amplitude of free water can not be used to
differentiate the level of vigor of the seeds. When the seed is in a
normal physical environment, moisture will be exchanged between
the seed and the external environment. Therefore, the moisture
content inside the seeds will change by the process of adsorption or
evaporation. If the adsorption process prevails, the moisture in
the seed will increase. If evaporation prevails, the moisture in the
seed is reduced. If the seed is exposed to constant humidity and
temperature, the seed water will stabilize after certain period of
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time and reach a state of equilibrium.

Free water is free to flow inside a living organism or cell,
where it is useful as a solvent or as a means of transport. The rice
seeds in this test were exposed to normal conditions for seven days
after being dried at high temperature. Because of its characteristic
of absorption moisture, the seeds absorb water from the
environment, which then exists in form of free water inside the
seeds. Therefore, in the experiment, we found that the content of
free water in each group had little change. Even if the adulterated
seeds are placed in a humid environment, the amount of water
content in them can increase significantly but it can only be free
water. Free water exists in the gap between the cell and tissue,
and the binding force between the water and the seed colloid no
longer exists.  During the storage period, the increase in free water
will not only promote seed deterioration but also decrease the vigor
of the seeds.
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Figure 3 Variation in signal amplitude of water in rice seeds with

diverse germination rates

3.2.3 Effect of bound water inside the seeds on seed vigor

Figure 4 shows the variation in the water content of the seeds
with different vigor gradients for the four varieties of rice seeds.
The horizontal axis shows the germination rates of rice seeds with
different vigor gradients, and the vertical axis shows the signal
amplitude of bound water corresponding to the NMR relaxation
time is T,;.  With the decrease in the vigor of the seeds, the bound
water content of seeds shows a significant downward trend. By
comparing Figures 2 and 4, it can be concluded that the main
contributor to the change in the overall water content of the seeds is
the bound water. This indicates that the vigor levels of rice seed
samples can be distinguished by their bound water content
(transverse relaxation time is T,). The bound water is a
combination of hydrogen bond and the polar base of protein, which
adsorbs and binds to the organic solid material by forming
hydrocolloids. Free water changes to bound water only when the
metabolism of the seeds is active, which results in the increase in
the bound water content; the internal bound water content will be
lower for the rice seed with lesser vigor.

The moisture content in the seed consists of free water and the
bound water, and the content of free water is greatly influenced by
external environment factors. Therefore, the variation in the
signal amplitude of the bound water is a better evaluation factor for
analyzing the vigor of seeds than the change in the total water
content. The state of the internal water can be measured from the
NMR spectra, which can be used to identify the usefulness of the
seeds according to the changes in the different states of water.
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Figure 4 Variation in the signal amplitude of overall water
content in rice seeds with diverse germination rates

3.3 Relationship between moisture content ratio and vigor of
rice seeds

Figure 5 depicts the proportions of free water and bound water
in the four varieties of rice seeds with different vigor gradient. It
is observed that with the decrease in the level of vigor of the rice
seeds, the proportion of bound water in the total water content
shows a decreasing trend, whereas the proportion of free water in
the total water content shows an upward trend.

Free water acts as a solvent and enhances the metabolic
activity; moreover, the cell membranes have high water
permeability because of which water has high movability and is
easily lost from the rice seeds. The free water of seeds with low
vigor can be supplemented with water from the external
environment. However, water can not combine with the internal
constituents of the rice seeds; the external water cannot be absorbed
by the colloidal particles or large molecules in the plant cells, and
can not participate in biochemical reactions. Therefore, the bound
and free water ratio can also be used as the factor for determining
the vigor level of rice seeds.
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4 Discussion

By using the NMR technology, the signal values of rice seeds
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with five gradient vigor groups which germination rate of 100%,
90%, 70%, 50% and 0% were collected. Through data analysis, it
was found that the transverse relaxation time of the NMR inversion
spectrum and the signal amplitude were different.  This shows that
the LF-NMR technology can be used to quickly distinguish the
adulteration of rice seeds.

By analyzing transverse relaxation time, it was found that the
peak starting time, peak time, and peak end time (transverse
relaxation time is T,;) of bound water, and the peak time and peak
end time (transverse relaxation time is T,,) of free water have no
obvious differences. The peak start time of free water decreases
with the decrease in the vigor of the seeds, which indicates that the
vigor level of seeds can be detected by the position of peak start
time with transverse relaxation time Ty,

The poorer the level of vigor, the lower is the moisture content
in the rice seed. However, the reduction in the water content of
the seeds is mostly through loss of bound water, and the free water
content shows a small change. If the adulterated rice seeds are
placed in a damp environment, only the free water content will
increase whereas the bound water will not change; therefore, the
NMR signal amplitude of bound water can used as a way to detect
the rice seed vigor level, the test results of which are directly and
clearly.
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