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High Resolution 31P NMR 
Spectroscopy Generates a 
Quantitative Evolution Profile 
of Phosphorous Translocation in 
Germinating Sesame Seed
Honghao Cai1,2, Wei-Gang Chuang1, Xiaohong Cui3, Ren-Hao Cheng1, Kuohsun Chiu4,  
Zhong Chen3 & Shangwu Ding1

Phosphorus metabolism and circulation are essential bio-physicochemical processes during 
development of a plant and have been extensively studied and known to be affected by temperature, 
humidity, lighting, hormones etc. However, a quantitative description of how various phosphorous 
species evolve over time has not been reported. In this work, a combined 31P liquid and solid state NMR 
spectroscopic methodology is employed, supported by a new extraction scheme and data analysis 
method, to carry out a quantitative investigation of phosphorous circulation in germinating sesame 
seeds in dark and under illumination with and without adding a growth hormone. The spectra show 
that only slight changes occur for phosphorous metabolism at the initial stage but a rapid change takes 
place between 48–96 hours after germination is started. The metabolism is found to be temperature 
dependent and affected by illumination and hormone. However, neither illumination nor hormone 
affects the final residual concentration of phytin. Moreover, phytin does not flow out of cotyledon 
and the phosphorous flowing to other parts of the plant is always in the inorganic form. The overall 
evolution profile of phytate consumption is found to be a Gaussian decaying function. These findings 
can be explained with a dynamic model on phytin conversion.

Phosphorous is an essential element for organisms, involving many important physiological functions such as 
energy storage and transfer, cellular membrane, skeletal support etc.1–3. In a plant, phosphorous accounts for 
about 0.2–0.5% of total mass and is the most important element only next to nitrogen3–5. Therefore, for over one 
century, the research on phosphorous metabolism and translocation of phosphorous has been a vitally important 
subject and much advance has been achieved on phosphorous biochemistry, biophysics and physiology1–6.

However, there are still many open questions unanswered yet, e.g. the spatiotemporal details of a specific 
metabolism process and interactions between phosphorous-containing molecules/ions and other biomole-
cules6–11. Indeed, for plants, how phosphorous is taken up from soil and how it is mobilized and translocated 
during germination of a seed are not fully understood. These questions have fundamental significance for plant 
biochemistry and physiology. They are also keenly related to the yield and nutrition composition of crops, genetic 
modification of crops, environmental ecology, and phosphorous conservation on land etc12–16. A central and 
widely studied subject in phosphorous metabolism is related to the destiny of phytate (phytin)6–16.

While various experimental techniques have been used to study the biophysical chemistry of key biomolecules 
such as phytate, NMR spectroscopy has been shown a unique tool17–19, mainly because it can obtain structural 
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and dynamics information at the atomic level simultaneously. When combined with prudential isotope labelling, 
solid state NMR spectroscopy has been proven a powerful method for studying the biochemistry of plants in 
vitro or in vivo, as beautifully illustrated by Schaefer group20–22. In the past years, NMR spectroscopy has been 
employed to investigate the phosphorous fate and phytate dynamics in a variety of systems from soil, manure, 
poultry litter, foods and fruits to living organisms23–28. Shand et al.17 applied 31P solid state NMR to study phos-
phorous distribution in different types of soils. Cade-Menun et al.18,19 investigated the destiny of phosphorous in 
soil and its affection on environment and agriculture. Hunger et al.20 analyzed the phosphorous in poultry litter 
using solid state NMR spectroscopy. Jayasundera et al.21 and He et al.22 measured different forms of phosphorous 
in dairy manures.

He et al.23 studied the structural characteristics of a series of metal species of phytate using solid state NMR 
and x-ray absorption near edge structure (XANES). They showed that intensive sidebands in solid state NMR 
spectra, indicating highly anisotropic microenvironment of metal species of phytate. The phytate degradations by 
lactic acid bacteria in yeast and dough fermentation were measured by Reale et al.24. The phosphorous distribu-
tion and evolution in wetland was studied by Cheesman et al.25.

More advanced 31P NMR methods such as heteronuclear NMR experiments involving 31P for studying the 
large-scale structure26 or complex biochemical reactions27 in biological systems were also demonstrated to be 
feasible and powerful. Gambhir et al.28 studied the phosphorous metabolites of the seeds of wheat, soybean and 
mustard using liquid state NMR spectroscopy. The cytoplasmic 31P signals over a range of moisture contents were 
recorded and examined. This enabled them to measure the metabolically important cytoplasmic pH value to 
provide clear evidence for the existence of a hypoxic state in developing seeds.

However, to the best of our knowledge, although 31P NMR research of living plants has been conducted in 
previous works29–34, monitoring the circulation of phosphorus over an entire course of the development of a plant 
seed has not been conducted. The 31P NMR spectroscopic results has not been analyzed in perspective of the 
biophysical mechanism of phosphorous metabolism and circulation. In addition, the resolution of the previous 
studies was not optimized which limited the quantitativeness of the spectra. In this work, therefore, we explore 
the application of 31P NMR spectroscopy to monitor the germination of sesame seed. To achieve high resolution 
in the NMR spectra, possible paramagnetic species were carefully removed. It is worth mentioning that quanti-
tativeness has been a challenge in applying 31P NMR spectroscopy for either in vivo or in vitro research because 
of the diverse microenvironments for phosphorous in an organism. Insufficient quantitativeness hinders quality 
of research and causes misleading conclusions. In present work, quantitativeness is achieved via a novel sample 
preparation scheme and a modified method for data analysis, in addition to high spectral resolution. The high 
quality data enable us to obtain quantitative time evolution of phosphorous metabolism during the entire course 
of seed germination. The evolution curves can be rationalized by a practical model on the enzyme dynamics 
during seed germination.

Results and Discussion
Sesame seed (Sesamum indicum L.) was purchased from a local vendor. Gibberellin GA3 (gibberellic acid, C19H22O6) 
of purity >99% was purchased from Aldrich and used without further purification. Ethylenediaminetetraacetic 
acid (EDTA, C10H16N2O8) for removing metal elements from the sample by chelation was purchased from Aldrich. 
HClO4 and K2CO3 used for sample processing were purchased from Aldrich. Deionized water was home made 
with a resistivity larger than 0.5 MΩcm.

The sketchy diagram of sample preparation and experimental procedure is shown in Fig. 1. About 1 g of 
sesame seed was taken and placed in pure water in a culture dish with controlled lighting conditions (sunlight, 
dark), humidity (20%) and temperature (30 °C). Timing is recorded with a computer. At the selected time point, 
the seed was taken out, pulverized into powder and mixed with 3 ml of 1 M HClO4 aqueous solution in a test 
tube for 10 mins. The mixture then was placed in a centrifuge (3000 rpm) for 10 mins. After centrifugation, the 
supernatant was taken and added with 500 μl of 0.1 M EDTA to form a homogeneous mixture so that the metal 
elements were chelated by EDTA. The mixture then was titrated with 3 M K2CO3 to a pH value of 7.6. The solution 
was again put in a centrifuge (3000 rpm) for 10 mins to separate the metal-chelating EDTA and the precipitates 
(e.g. of KClO4) from the solution. The supernatant was then used for analysis with high resolution liquid state 
NMR spectroscopy.

Figure 1. The sketchy diagram of sample preparation and experimental procedure.
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The 31P MAS solid state NMR spectra of sesame seed at two different magnetic fields are shown in Fig. 2. The 
spectra of both dry and germinating seeds show severely broadened peaks even under high speed sample spin-
ning. There are two major origins responsible for this large broadening. The first is the strong dipolar coupling 
between phosphorous and paramagnetic ions such as iron and manganese, leading to paramagnetic broaden-
ing. The second is because sesame seed is highly inhomogeneous and phosphorous nuclei are located in a large 
number of different microenvironments, leading to a broad isotropic chemical shift dispersion. Comparing the 
linewidths of the central peaks of the dry seed at 200 MHz and 500 MHz, it is found that the linewidth cannot 
be explained with isotropic chemical shift dispersion only. With the two linewidths (17.7 ppm at 200 MHz and 
9.85 ppm at 500 MHz), we can estimate that the isotropic chemical shift dispersion is 4.9 ppm and the para-
magnetic broadening is about 1050 Hz. The presence of sidebands even at 10 kHz suggests large anisotropy of 
chemical shift of phosphorous in the seed and underscores that phosphorous spins in a sesame seed are largely 
immobile. However, for a germinating seed, the intensities of the sidebands are much weaker and the linewidth is 
much narrower, indicating that the phosphorous in a germinating seed is much more mobile than in a dry seed. 
The 4.38 ppm linewidth is largely from isotropic chemical shift dispersion, very close to the estimated values from 
the dry seeds. Although the solid state 31P NMR spectra provide interesting information on seed germination, 
the isotropic chemical shift dispersion cannot be resolved, therefore, we cannot use solid state NMR spectra to 
investigate the change of individual phosphorous components during germination.

Evolution profile under illumination. With liquid state 31P NMR spectroscopy, the major components 
are well resolved. Shown in Fig. 3 are the 31P spectra of sesame seed at different germinating times under normal 
sunlight illumination. The peak at 3.27 ppm corresponds to the inorganic phosphorous (Pi) and the remaining 
peaks are from organic phosphorous Po (phytin)24. The intensity ratio Pi/Po at each germination time is shown in 
each spectrum in Fig. 3. As anticipated, with germination proceeding, this ratio increases. Initially, the increase is 

Figure 2. The solid state NMR spectra of dry (a,b) and germinating (b) sesame seed at 200 MHz (a) and 
500 MHz (b,c). The spinning speeds were 6 kHz (a) and 10 kHz (b,c), respectively.
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very slow but becomes very rapid after 48 hours of germination. After about 72 hours, virtually all phosphorous 
are turned into Pi and phytin is completely consumed. The overall trend of phytin degradation under illumina-
tion can be explained because illumination speeds up consumption of phytin at endosperm, particularly after the 
initial stage. The growing buds consume more phosphate and drives circulation of phytin from endosperm to the 
budding leaves.

Figure 3. The 31P NMR spectra of sesame seed extracts at different times of germination in light at 0, 24, 48 and 
72 hours, respectively. The right panel shows the photos of the germinating seeds taken at the corresponding 
time of germination.
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Evolution profile in dark. Figure 4 shows the 31P spectra of sesame seed at different germinating times 
in dark. Both the spectra and visual inspection (the photos) indicate that sesame seed can germinate in dark. 
Analogous to germination in light, with germination proceeding, Pi/Po ratio increases, initially, the increase 
being very slow and becoming rapid after 48 hours of germination. However, the increase of the ratio is much 
slower than that for seed germinating under illumination. After about 72 hours, Pi/Po is only about 1/2. It takes 
another 24 hours for the ratio to reach about 3 (supporting information Figure S1). Comparing Figs 3 and 4, the 
effect of illumination is obvious. Although sesame seed can germinate in dark, the growing speed is slower.

Figure 4. The 31P NMR spectra of sesame seed extracts at different times of germination in dark at 0, 24, 48 and 
72 hours, respectively. The right panel shows the photos of the germinating seeds taken at the corresponding 
time of germination.
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Evolution profile in dark with GA3. When a sesame seed germinates in dark but the culture is added 
with GA3, the growth trend is similar to that under illumination, as shown in Fig. 5. However, some appreciable 
differences are worth mentioning. The initial Pi/Po ratio for germination in dark with GA3 is bigger than that for 
germination under illumination, but after about 48 hours, the former is smaller than the latter. This suggests that 
the effect of GA3 in the initial stage of germination is bigger than that of illumination, but smaller in the latter 
stage. This is probably because in the initial stage, GA3 which is imbibed into seed can affect phytase but light 

Figure 5. The 31P NMR spectra of sesame seed extracts at different times of germination in dark but with GA3 
added in the culture liquid at 0, 24, 48 and 72 hours, respectively. The photos of the germinating seeds are very 
similar to those in Fig. 4.



www.nature.com/scientificreports/

7Scientific REPORTS | (2018) 8:359 | DOI:10.1038/s41598-017-18722-y

cannot get inside the sesame seed to affect phytase. After about 48 hours when the seed buds and can absorb light, 
the illumination effect is more significant than GA3.

From above results, it is clear that the germination speed is significantly affected by light and hormone. 
However, after a sufficient long time, virtually all phytin is consumed, i.e., neither illumination nor hormone 
affects the final residual concentration of phytin. By analyzing the spectra of seedlings (Figures S2 and S3), it is 
found that phytin does not flow out of cotyledon and the phosphorous flowing to other parts of the plant is always 
in the form of inorganic phosphorous.

From phytin evolution profile to phytase kinetics and dynamics. To quantitatively analyze the 
phosphorous evolution during germination, we plot the phytin degradation with respect to germination time for 
above three cases as shown in Fig. 6(A). We find that all the three curves can be fitted with a Gaussian decay func-
tion with different decaying factors. Fitting with other functions such as exponential or power law leads to much 
larger errors. The phytin degradation (or phytate consumption) not only quantifies the kinetics of the chemical 
reaction from phytin to inositol but also provides important information on the action of phytase.

This Gaussian behavior is different from the consumption curves of fermentation of yeast or dough24, or in 
soil samples17–19,25. This suggests that the enzyme dynamics of phytase in sesame germination is very different 
from that in fermentation and non-Michaelis-Menten behavior must be taken into consideration in order to 
quantitatively explain our data and the data from previous studies. An obvious fact about seed germination is that 
the seed must be sufficiently hydrated. This provides, among other conditions, an environment that the enzymes 
and reactants possess high mobility. This means, during the enzyme-substrate binding, diffusion of both the sub-
strate and enzyme must affect the overall efficiency of catalysis, hence consumption of phytin. Therefore, we use a 
dynamic model for phytin consumption as shown at the bottom of Fig. 7. In this model, the conversion of phytin 
to inositol (and other products) and the activity of phytase assume a first-order reaction-diffusion mechanism, 
leading to an overall Gaussian type turnout trend of inositol. We denote the concentration of inositol at any given 
location r and time t as [I](r, t) and the relative diffusion tensor of phytin with respect to phytase D, then the 
overall reaction-diffusion equation is expressed as

Figure 6. (a) The quantitative evolution profiles of phytin consumption in germinating seeds with different 
culture conditions. The obvious deviation as indicated by the thick arrow is attributed to temperature 
fluctuation. (b) Some representative results of the theoretical simulation of phytin consumption with different 
diffusion coefficients. The first order reaction rate was set to 10−6 s−1 and the diffusion bound was set to 20 nm. 
Red: without diffusion, a slow exponential decay shown; Green: with a diffusion coefficient of 10−11 m2 s−1; 
Cyan: with a diffusion coefficient of 10−10 m2 s−1; with a diffusion coefficient of 10−9 m2 s−1.
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where k0 is the reaction rate without considering relative diffusion. There is no general analytical solution 
to Eq. (1) but some approximate solutions for special boundary conditions have been proposed35,36 and more 
recently some exact solutions for special cases have been reported37. Numerical solutions either based on solving 
coupled differential euqaitons38 or based on molecular dynamics simulation39,40 have also been obtained for a 
number of systems. We find that in our case, however, a simplified model is sufficient to provide us quantitative 
description of our experimental data. In this model, the diffusion tensor is assumed to be isotropic so that the 
problem can be converted into a one-dimensional case. For a germinating seed where the molecules have large 
mobility, this is an acceptable approximation. Under this assumption, the solution of Eq. (1) is given by.
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where erf stands for error function. Some representative solutions are plotted in Fig. 6(B) which satisfactorily 
reproduce the trends shown in Fig. 6(A). From Eq. (2), it is obvious that the consumption curve of phytin would 
follow a pure exponential trend if the relative diffusion is neglected. This result clearly shows the importance of 
relative diffusion between phytin and phytase in the quantitative description of phosphorous translocation in a 
germinating seed. It is also noteworthy that when the diffusion is too fast, as shown in the cyan and blue lines in 
Fig. 6(B), the Gaussian type behavior is lost and the overall trend looks more like an exponential decay.

We notice that an earlier study by Frias et al.41 on legume seeds did show non-exponential behavior, but the 
data are only available for three time points, making quantitative comparison infeasible.

A more recent study on legume seeds by Abdel-Gawad et al.42 shows a clear Gaussian type activity for both 
phytase, consistent with our above experimental results on sesame seed. Therefore, Gaussian kinetics may be a 
universal characteristic for phytase action for all seeds. Although studies on more seeds are required to confirm 
this hypothesis, the above dynamic model of phytase action seems rather reasonable.

In summary, the 31P solid state MAS NMR spectra show that phosphorous in a dry seed and that in a germi-
nating seed have different microenvironments and dynamics. However, solid state spectra cannot be resolved to 
show different types of phosphorous. With the sample preparation protocol that provides homogeneous solutions 

Figure 7. Top: The hydrolysis of phytin by the catalysis of phytase. The chelated metal cations such as Na+, K+, 
Mg2+, Ca2+, Fe2+ etc are released upon hydrolysis. Bottom: the dynamic model for explaining the consumption 
of phytin (or the turnout trend of inositol) as a joint action of first order kinetics from phytin to inositol and the 
relative diffusion of phytin with respect to phytase.
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and removes the possible paramagnetic ions, high resolution 31P NMR spectra of sesame seed extracts could be 
obtained with all major phosphorous species clearly resolved, that makes it possible to conduct quantitative anal-
ysis of phytin degradation. This quantitative study of phosphorous translocation during sesame seed germination 
in various conditions (in light, in dark and in GA3) with 31P NMR spectroscopy enables us to monitor the time 
evolution of phosphorous conversion and to obtain a quantitative evolution profile over the entire course of ger-
mination. The effects of light and GA3 are clearly demonstrated and compared. In all cases, the evolution profile 
shows clear deviation from exponential function and displays a Gaussian decaying trend. These results led us to 
establish that the dynamic model on phytin conversion under phytase activation must take into account the rela-
tive diffusion between the reactant and enzyme. We believe this model may be applicable to other seeds although 
experimental data from more seeds are required.

Methods
All liquid state NMR experiments were performed on a Bruker Avance 300 MHz liquid-state NMR spectrometer. 
All solid state NMR experiments were performed on a Varian UNITY INOVA 500 MHz solid-state NMR spectrom-
eter and a Varian UNITY INOVA 200 MHz solid-state NMR spectrometer. For all experiments, a single 90° pulse 
excitation was used. For liquid-state NMR measurements, the major experimental parameters were: the 90° pulse 
width 10.8 μs, recycle delay 2 s, acquisition time 0.66 s and number of transients 12500.

On the solid-state NMR 500 MHz spectrometer, the major experimental parameters were: the 90° pulse width 
3.5 μs, recycle delay 2 s, acquisition time 0.02 s and number of transients 4000. The sample was spun at the magic 
angle (MAS) with a speed from 2 kHz to 10 kHz to improve spectral resolution by removing the anisotropies from 
chemical shift and heteronuclear dipolar couplings between phosphorous and hydrogen. To further improve 
spectral resolution, a continuous heteronuclear decoupling (31P-1H) with a power of 80 kHz on 1H channel was 
also used during acquisition.

On the solid-state NMR 200 MHz spectrometer, the major experimental parameters were: the 90° pulse width 
3 μs, recycle delay 1 s, acquisition time 0.03 s and number of transients 40000. The sample spinning speeds were 
from 2 kHz to 6 kHz. A continuous heteronuclear decoupling (31P-1H) with a power of 60 kHz on 1H channel was 
used during acquisition.

The experimental FID data were zero-filled to 4096 data points and filtered with a Lorentzian window func-
tion with a line broadening factor of 2 Hz before Fourier transform. The spectral data were then transferred to a 
desktop computer for further analysis.

To prevent bias in selecting sesame seeds and guarantee the representativeness and reproducibility of NMR 
spectra, we used tens of seeds for each germination experiment and chose the typical seeds for NMR experiments. 
The NMR measurement was repeated for at least two times for each spectrum. The good reproducibility was 
ensured. The overall errors in the germinating curves shown in Fig. 6 were less than 3%. The satisfactory agree-
ment between experimental and theoretical data is also a good indication that the experimental data we obtained 
are of high quality.

References
 1. Bieleski, R. L. Phosphate pools, phosphate transport, and phosphate availability. Annu. Rev. Plant Physiol. 24, 225 (1973).
 2. Ganong, W. F. Review of Medical Physiology, 21st ed., (McGraw-Hill, 2003).
 3. Pallardy, S. G. Physiology of Woody Plants, 3rd Ed. (Academic Press, 2007).
 4. Bünemann, E. K., Oberson A. & Frossard, E. Phosphorus in Action: Biological Processes in Soil Phosphorus Cycling Soil Biology 

(Springer, 2010).
 5. Doolette, A. L. & Smernik, R. J. Phosphorus in action, (Springer, 2011).
 6. Plaxton, W. & Lambers, H. Phosphorus metabolism in plants. Ann. Rev. Plant Physiol. 48, 1 (2015).
 7. Bolan, N. S. A critical review on the role of mycorrhizal fungi in the uptake of phosphorus by plants. Plant Soil 134, 189 (1994).
 8. Touchette, B. W. & Burkholder, J. M. Review of nitrogen and phosphorus metabolism in seagrasses. J. Exp. Marine Biol. Ecol. 250, 

133 (2000).
 9. Berndt, T. & Kumar, R. Novel mechanisms in the regulation of phosphorus homeostasis. Physiol. 24, 17 (2008).
 10. Renkema, K. Y., Alexander, R. T., Bindels, R. J. & Hoenderop, J. G. Calcium and phosphate homeostasis: Concerted interplay of new 

regulators. Ann. Med. 40, 82 (2008).
 11. Shen, J. et al. Phosphorus dynamics: from soil to plant. Plant Physiol. 156, 997 (2011).
 12. Correll, D. L. The role of phosphorus in the eutrophication of receiving waters: A review. J. Environ. Qual. 27, 261 (1998).
 13. McDoweel, R. W. & Stewart, I. An improved technique for the determination of organic phosphorus in sediments and soils by 31P 

nuclear magnetic resonance spectroscopy. Chem. Ecol. 21, 11 (2005).
 14. Negassa, W. & Leinweber, P. How does the Hedley sequential phosphorus fractionation reflect impacts of land use and management 

on soil phosphorus: a review. J. Plant Nutr. Soil Sci. 172, 305 (2009).
 15. Bünemann, E. K., Oberson A. & Frossard, E. Phosphorus in Action: Biological Processes in Soil Phosphorus Cycling in Soil Biology 

(Springer, 2011).
 16. Doolette, A. L. & Smernik, R. J. Phosphorus in action, (Springer, 2011).
 17. Shand, C. A. et al. Solid-phase 31P NMR spectra of peat and mineral soils, humic acids and soil solution components: Influence of 

iron and manganese. Plant Soil 214, 153 (1999).
 18. Cade-Menun, B. J., Liu, C. W., Nunlist, R. & McColl, J. G. Soil and litter phosphorus-31 nuclear magnetic resonance spectroscopy: 

extractants, metals, and phosphorus relaxation times. J. Environ. Qual. 31, 457 (2002).
 19. Cade-Menun, B. J. Characterizing phosphorus in environmental and agricultural samples by 31P nuclear magnetic resonance 

spectroscopy. Talanta 66, 359 (2005).
 20. Hunger, S., Cho, H., Sims, J. T. & Sparks, D. L. Direct speciation of phosphorus in alum-amended poultry litter: Solid-state 31P NMR 

investigation. Environ. Sci. Technol. 38, 674 (2004).
 21. Jayasundera, S., Schmidt, W. F., Reeves, J. B. III & Dao., T. H. Direct 31P NMR spectroscopic measurement of phosphorus forms in 

dairy manures. J. Food Agric. Environ. 3, 328 (2005).
 22. He, Z. et al. Phosphorus Forms in Conventional and Organic Dairy Manure Identified by Solution and Solid State 31P NMR 

Spectroscopy. J. Environ. Qual. 38, 19099 (2009).
 23. He, Z. et al. Distinction of metal species of phytate by solid-state spectroscopic techniques. Soil Sci. Soc. Am. J. 71, 940 (2007).



www.nature.com/scientificreports/

1 0Scientific REPORTS | (2018) 8:359 | DOI:10.1038/s41598-017-18722-y

 24. Reale, A. et al. Phytate degradation by lactic acid bacteria and yeasts during the whole meal dough fermentation: a 31P NMR study. 
J. Agric Food Chem. 52, 6300 (2004).

 25. Cheesman, A. W., Rocca, J., Turner, B. L. Phosphorus characterization in wetland soils by solution phosphorus-31 nuclear magnetic 
resonance spectroscopy in Methods in Biogeochemistry of Wetlands 10 (ed. DeLaune, R. D., Reddy, K. R., Richardson, C. J. & 
Megonigal, J. P.) 639–665 (Am. Soc. Agron. 2013).

 26. Yu, T. Y. & Schaefer, J. REDOR NMR characterization of DNA packaging in bacteriophage T4. J Mol Biol. 382, 1031 (2008).
 27. Yu, T. Y. et al. 15N-31P REDOR NMR Studies of the binding of phosphonate reaction intermediate analogues to saccharomyces 

cerevisiae lumazine synthase. J. Biochem. 47, 13942 (2008).
 28. Gambhir, P. N., Pande, P. C. & Ratcli, R. G. An in vivo 31P NMR study of the phosphorus metabolites in developing seeds of wheat, 

soybean and mustard. Magn. Reson. Chem. 35, S125 (1997).
 29. Yazaki, Y. et al. Estimation of cytoplasmic free Mg2+ levels and phosphorylation potentials in mung bean root tips by In Vivo 31P 

NMR spectroscopy. Plant Cell Physiol. 29, 919 (1988).
 30. Ratcliffe, R. G. In vivo NMR studies of higher plants and algae. Adv. in Botan. Res. 20, 43 (1994).
 31. Ratcliffe, R. G. & Roscher, A. Prospects for in vivo NMR methods in xenobiotic research in plants. Biodegradation 9, 411 (1998).
 32. Lundberg, P. & Lundquist, P. O. Primary metabolism in N2-fixing Alnus incana-Frankia symbiotic root nodules studied with 15N and 

31P nuclear magnetic resonance spectroscopy. Planta 219, 661 (2004).
 33. Lipok, J., Wieczorek, D., Jewgiński, M. & Kafarski, P. Prospects of in vivo 31P NMR method in glyphosate degradation studies in 

whole cell system. Enzy. Microb. Tech. 44, 11 (2009).
 34. Ge, X. et al. Application of 31P-NMR spectroscopy to glyphosate studies in plants: insights into cellular uptake and vacuole 

sequestration correlated to herbicide resistance in Handbook on Herbicides (ed. Kobayashi, D. & Watanabe, E.) 55–84 (Nova Science 
Publishers, Inc, 2014).

 35. Chou, K. C. & Zhou, G. P. Role of the protein outside active site on the diffusion-controlled reaction of enzyme. J. Am. Chem. Soc. 
104, 14099 (1982).

 36. Zhou, G., Wong, M. T. & Zhou, G. Q. Diffusion-controlled reaction of enzymes – an approximate analytical solution of Chou’s 
model. Biophys. Chem. 18, 125 (1983).

 37. Zadeh, M. S. & Montas, H. J. A class of exact solutions for biomacromolecule diffusion–reaction in live cells. J. Theo. Biol. 264, 914 
(2010).

 38. Zadeh, M. S. A synergic simulation–optimization approach for analyzing biomolecular dynamics in living organisms. Compu. Biol. 
Med. 41, 24 (2011).

 39. Amara, P., Andreoletti, P., Jouve, H. M. & Field, M. J. Ligand diffusion in the catalase from Proteus mirabilis: A molecular dynamics 
study. Protein Sci. 10, 1927 (2001).

 40. Ridgway, D. et al. Coarse-grained molecular simulation of diffusion and reaction kinetics in a crowded virtual cytoplasm. Biophys. 
J. 94, 3748 (2008).

 41. Frias, J., Doblado, R., Antezana, J. R. & Vidal-Valverde, C. Inositol phosphate degradation by the action of phytase enzyme in legume 
seeds. Food Chem. 81, 233 (2003).

 42. Abdel-Gawad, A. S., Ramadan, B. R. & Oraby, R. E. A. Legume phytases: Characteristics and changes in activity during germination. 
Internl. J. Agric. Policy Res. 1, 93 (2003).

Acknowledgements
This work was supported by the Ministry of the Republic of China to S.D. (Contract Nos NSC-103-2113-M-110-010 
and MOST-104-2113-M-110-006) and K.C. (Contract No. NSC-102-2313-B-022-002), NSYSU-NKMU Joint 
Research Project 106-P016, the National Natural Science Foundation of China (Grant Nos. 21327001 and 11375147 
to Z.C.), the Natural Science Foundation of Fujian Province (Grant No. 2016J01078 and 2017J05011 to H.C.) and 
the Fundamental Research Funds for the Central Universities (Grant No. 20720160125 to X.C.).

Author Contributions
S.D., K.C. and Z.C. initiated the project and designed the experimental procedures. W.G.C., H.C. and X.C. 
prepared the samples and conducted the liquid state NMR experiments. W.G.C., R.H.C. and H.C. carried out the 
solid state NMR experiments. S.D., H.C., W.G.C., K.C. and Z.C. performed data analysis and interpretation. H.C. 
prepared the final version of the diagrams. S.D. wrote the final version of the manuscript and designed the TOC 
image. All authors have given approval to the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18722-y.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-18722-y
http://creativecommons.org/licenses/by/4.0/

	High Resolution 31P NMR Spectroscopy Generates a Quantitative Evolution Profile of Phosphorous Translocation in Germinating ...
	Results and Discussion
	Evolution profile under illumination. 
	Evolution profile in dark. 
	Evolution profile in dark with GA3. 
	From phytin evolution profile to phytase kinetics and dynamics. 

	Methods
	Acknowledgements
	Figure 1 The sketchy diagram of sample preparation and experimental procedure.
	Figure 2 The solid state NMR spectra of dry (a,b) and germinating (b) sesame seed at 200 MHz (a) and 500 MHz (b,c).
	Figure 3 The 31P NMR spectra of sesame seed extracts at different times of germination in light at 0, 24, 48 and 72 hours, respectively.
	Figure 4 The 31P NMR spectra of sesame seed extracts at different times of germination in dark at 0, 24, 48 and 72 hours, respectively.
	Figure 5 The 31P NMR spectra of sesame seed extracts at different times of germination in dark but with GA3 added in the culture liquid at 0, 24, 48 and 72 hours, respectively.
	Figure 6 (a) The quantitative evolution profiles of phytin consumption in germinating seeds with different culture conditions.
	Figure 7 Top: The hydrolysis of phytin by the catalysis of phytase.


