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Chapter 18

In Vivo 1H-NMR Microimaging During Seed Imbibition, 
Germination, and Early Growth
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Abstract

Magnetic resonance imaging (MRI) is a superior noninvasive diagnostic tool widely used in clinical medicine, 
with more than 60 million MRI tests performed each year worldwide. More specialized high-resolution 
MRI systems capable of a resolution that is 100–1,000 times higher than standard MRI instruments are 
used primarily in materials science, but are used with increasing frequency in plant physiology. We have 
shown that high-resolution 1H-nuclear magnetic resonance (NMR) microimaging can provide a wealth of 
information about the internal anatomy of plant seeds as small as 1 mm or even smaller. This chapter covers 
the methods associated with these imaging techniques in detail. We also discuss the application of 1H-NMR 
microimaging to study in vivo seed imbibition, germination, and early seedling growth.
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Water uptake is a fundamental requirement for the initiation and 
completion of seed germination (1, 2). “Dry” orthodox seeds usu-
ally have water potentials between −350 and −50 MPa correspond-
ing to a moisture content of only 5–10%. Water has by definition a 
water potential of 0  MPa, and leaf tissue has a water potential 
around −1 MPa. The water potential of plant tissues or of soil is 
determined by the sum of their pressure potential (a positive hydro-
static or turgor pressure), osmotic potential (a negative osmotic 
pressure), and matric potential (a negative value, important for 
“dry” states). Uptake of water by a “dry” seed is triphasic with a 
rapid initial uptake (phase I, i.e., imbibition) followed by a plateau 
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phase (phase II). A further increase in water uptake occurs only 
after germination is completed, as the embryo axis elongates after 
having emerged from all the seed-covering layers. Because dor-
mant seeds do not complete germination, they do not enter this 
postgermination phase of water uptake (phase III). Abscisic acid 
(ABA) inhibits phase III water uptake and the transition from ger-
mination to postgerminative growth (3–5). While the temporal 
pattern of water uptake by seeds has been well-studied in different 
species, far less is known about its spatial distribution within seed 
tissues and how it is affected by plant hormones, environmental 
cues, and seed-covering layers/coats.

1H-nuclear magnetic resonance (NMR) imaging (MRI) is a 
noninvasive in vivo technique that allows the acquisition of sequen-
tial cross-sectional two-dimensional (2D) and three-dimensional 
(3D) images of the spatial distribution of 1H nuclei (mobile protons) 
and as such has been applied to plant biology (e.g., (3, 6–10)). The 
underlying principle of 1H-NMR is that the 1H nuclei carry a non-
zero spin and, therefore, a magnetic moment. NMR signals occur 
if a sample with 1H nuclei is immersed in a strong, external, static 
magnetic field (B0) and is exposed to energy delivered by radio 
frequency pulses (11). The interaction of the magnetic moment 
with the field B0 causes the nuclear spins to align and thus creates 
a small magnetization vector within the sample. The application of 
the radio frequency pulses of a given power and duration manipu-
lates this magnetization. After the application of the radio fre-
quency pulse, the magnetization vector spins around B0 with its 
specific Larmor frequency, which is proportional to the field 
strength. For 1H nuclei at a magnetic field strength B0 of 9.4 T, the 
Larmor frequency is 400 MHz. NMR imaging is based on the fact 
that the Larmor frequency is proportional to the polarizing mag-
netic field. If in addition to B0 a uniform magnetic field gradient G 
is applied, this frequency experiences a spatial signature and its 
position can be calculated. The interaction of the magnetic moment 
with externally applied magnetic field gradients and radio frequen-
cies is used to obtain two-dimensional or three-dimensional images. 
In cases where the resolved volume elements are finer than the 
resolution of the unaided human eye (approx. 0.1  mm), this 
method of imaging may be termed microscopic or microimaging 
(12). A recent review by Stark et al. (11) further describes these 
techniques.

1H-NMR imaging and microimaging have been used to study 
water uptake and flow during germination in relatively large seeds/
fruits of angiosperms and gymnosperms, including those of legumes 
(13–16), conifers (17–19), cereal grains (11, 20–26), and others 
(27). Redistribution of water and tissue-specific differences in 
moisture content and water entry points were detected in these 
seeds. For example, in developing spruce (Picea glauca) seeds, 
water was concentrated at the radicle pole (17). In western white 



32118  In Vivo 1H-NMR Microimaging During Seed Imbibition, Germination, and Early Growth

pine (Pinus monticola) seeds, imbibition is characterized by water 
penetration through the seed coat and megagametophyte (18). 
The cotyledons of the embryo (located in the chalazal end of the 
seed) are the first to show hydration followed by the hypocotyl and 
later the radicle. After penetrating the seed coat, water in the 
micropylar end of the seed likely also contributes to further hydra-
tion of the embryo; however, the micropyle itself does not appear 
to be a site for water entry into the seed (18). The endosperm is a 
prominent structure in cereal caryopses, and it shows certain spe-
cific characteristics in the spatial pattern of water uptake. In cereal 
grains, the seed coat and the embryo–scutellum region appear to 
be barriers to water uptake by the embryo (21–24). Prior to the 
completion of germination, water must accumulate in the embryo–
scutellum tissues for redistribution to the endosperm to take place. 
Delayed or protracted hydration severely limits germination. 
Dissection studies of cereal seeds show that the hydration proper-
ties of seed tissues differ and that the endosperm can act as a water 
reservoir under water-limiting conditions (22, 24).

MRI experiments with tobacco seeds illustrate how microim-
aging can be successfully applied to seeds smaller than 1 mm in size 
(3, 28). A time course analysis of tobacco seed germination exhibits 
a “two-step” pattern: testa rupture (Fig. 1, top) precedes endosperm 
rupture (Fig. 1, bottom), which is the visible completion of germi-
nation (radicle protrusion). NMR microimaging confirms that 
water distribution in phase II and phase III tobacco seeds is not 
homogeneous. The micropylar seed end, where endosperm rup-
ture occurs, appears to be the major entry point of water. The 
micropylar endosperm and the radicle show the highest hydration. 

Fig. 1.  Noninvasive in vivo 1H-NMR microimaging of water uptake and distribution during tobacco seed germination. 
The spatial distribution of protons within the seed tissues is visualized with false colors as shown. The NMR microimages 
were obtained with 30 mm spatial resolution. Also shown are corresponding microphotographs of seeds in the testa rupture 
(top left ) and endosperm rupture (bottom left ) stages. Modified from Manz et al. (3), http://www.plantphysiol.org, Copyright 
American Society of Plant Biologists.
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This spatial pattern of water uptake is already evident during the 
early phase of imbibition before visible testa rupture. It becomes 
even more pronounced during testa rupture and remains pro-
nounced after endosperm rupture. These results intimate that the 
radicle and the micropylar endosperm of the tobacco seed have 
enhanced water-holding capacities and can serve as a water reser-
voir for the embryo during germination. The inhibition by ABA of 
tobacco endosperm rupture and phase III water uptake does not 
appear to involve an effect of ABA on the spatial distribution of 
water in the seed. Testa rupture and initial embryo elongation 
cause an additional increase in water uptake in the second half of 
phase II. The additional increase in water content in the late part 
of phase II of water uptake is also evident in ABA-treated seeds, 
which supports the contention that initial embryo elongation and 
water uptake by the micropylar endosperm are not inhibited by 
ABA. Water uptake by dormant tobacco seeds (29) is likewise con-
gruent. Germination of these seeds is blocked before testa rupture 
and there is no additional increase in water content in late phase II 
of water uptake. ABA, therefore, inhibits germination and phase 
III of water uptake by the emerging embryo, but it does not inhibit 
phase II water uptake needed for initial embryo elongation. 
Further, its inhibitory action is not mediated by reducing the 
water-holding capacity of the micropylar endosperm (3).

Overall, these studies are important for understanding the 
germination characteristics of seeds; different seed tissues and 
organs hydrate at different extents and show different spatial charac-
teristics of water distribution, and the micropylar endosperm of some 
seeds, such as tobacco, acts as a water reservoir for the embryo.

Dry tobacco seeds contain approximately 43% of triacylglycer-
ols (TAGs) per fresh weight as the most abundant nutrient storage 
reserve (3, 28). In oilseeds, like tobacco, the TAGs are stored in oil 
bodies and are genuinely liquid at room temperature, thus contrib-
uting to 1H-NMR microimages due to high proton mobility. The 
MRI images of phase I tobacco seeds represent a combination of 
the spatial contents of TAGs and water. The proton mobility 
becomes essentially specific for water during phase II as in this 
phase the TAG peaks are very small compared to the water peak 
(see Note 1).

Since water and oil NMR signals are well-separated by their 
chemical shifts, it is possible to obtain separate water- or oil-specific 
MRI images using a chemical shift selective imaging (CSSI) tech-
nique as illustrated in Fig. 2 for western white pine seeds (also see 
ref. 18). In imbibed pine seeds, mobile water is mainly concen-
trated in the embryo and the seed coats while both the megagame-
tophyte and the embryo show high concentrations of storage oils. 
1H-NMR CSSI microimages of a germinating seed clearly show 
that the initiation of postgerminative reserve mobilization across 
the megagametophyte storage tissue and the embryo exhibits 
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distinct regional (i.e., spatial) differences. Mobilization of the 
major lipid storage reserves commences first within the mer-
istematic region of the embryo and is likely important for early 
seedling establishment (Fig. 2). In the megagametophyte (which 
generally comprises the bulk of the seed), the oil mobilization 
commences only after radicle and cotyledon elongation/expan-
sion, i.e., it is a postgerminative event. Thus, the chemical shift 
selective 1H-NMR microimaging allows direct in vivo monitoring 
of oil reserve mobilization during early postgerminative growth, a 
process upon which seedling emergence depends.

	 1.	Seeds of Nicotiana tabacum (tobacco), Pinus monticola (western 
white pine), or other species.

	 2.	Autoclaved distilled water or a weak salt medium, e.g., 1/10 
Murashige and Skoog (MS) salts without organic additions (4).

	 3.	Plastic Petri dishes, filter paper, and a growth chamber or incu-
bator that can be maintained at a constant temperature and 
light intensity.

	 4.	Bruker Avance 400 NMR spectrometer (Bruker, Rheinstetten, 
Germany) with a vertical 9.4 T magnet and a proton resonance 

2. �Materials

Fig. 2. In vivo 1H-NMR chemical shift selective imaging (CSSI) of western white pine seed during germination. The spatial 
distribution of water (upper row ) and oil (lower row ) simultaneously mapped in the same seed over a course of early 
germination (left to right ) is visualized with false colors as shown. Coronal plane 2D MRI images were obtained with a 78 mm 
in-plane resolution and a 500-mm slice thickness. For more information on experimental details, see ref. 18.



324 V. Terskikh et al.

frequency of 400 MHz (8, 30) as per the NMR experiments 
conducted on tobacco seeds (3).

	 5.	Bruker Avance DRX 360 spectrometer equipped with a Bruker 
2.5 microimaging system as per the NMR experiments con-
ducted on pine seeds (18).

	 1.	Tobacco seeds are sown in plastic Petri dishes containing filter 
paper wetted with water and incubated at a constant tempera-
ture around 20°C in continuous white light. Other species may 
require different germination temperatures and a previous 
dormancy-breaking treatment.

	 2.	Dry seeds of western white pine (Pinus monticola Dougl. ex D. 
Don) and dry seeds are first soaked in running water at 23°C 
for 12 days prior to subjecting them to a subsequent prolonged 
moist-chilling treatment as described in Chapter 4 and in (31). 
Germination conditions are also described in (31).

	 3.	The seeds are sampled after different time periods after imbibi-
tion of dry seeds (tobacco) or after seeds have been transferred 
into germination conditions after dormancy breakage (western 
white pine). The time course of germination must be moni-
tored. For example, for tobacco seeds, one scores the percent-
age of testa and endosperm rupture over time in order to 
correlate the 1H-NMR microimaging results with defined seed 
stages during germination (Fig. 1) (see Note 2).

	 1.	For magnetic angle spinning (MAS) NMR spectroscopy, the 
intact seeds (dry seeds or seeds sampled after imbibition) are 
placed inside a standard 4-mm MAS o.d. rotor (3). The rota-
tion rate is set to 10 kHz, which has no influence on the seed 
morphology; due to the small rotor diameter, the centrifugal 
forces are low. Also see Chapter 17.

	 2.	The peak areas below the water signals at 4.8 ppm are quanti-
fied, and the relative moisture contents per seed are calculated 
as described in (3).

	 3.	For comparison, gravimetric determination of seed moisture 
contents in mg of water per seed can be obtained. For this, the 
samples are weighed before and after heating for 3 h at 100°C 
as described in (32).

	 1.	Intact seeds are placed inside a fitting glass capillary, e.g., 
1.5 mm in diameter for tobacco (3), and, in order to avoid 
movement during the experiment, are pressed slightly against 

3. �Methods
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3.2. In Vivo 1H-MAS 
NMR Spectroscopic 
Analyses of Seed 
Moisture

3.3. In Vivo 1H-NMR 
Microimaging



32518  In Vivo 1H-NMR Microimaging During Seed Imbibition, Germination, and Early Growth

each other with a piece of matching Teflon tube at each end of 
the glass tube (see Note 3).

	 2.	The capillary secured in an MRI probe, which is then posi-
tioned inside the superconducting magnet. There is no exter-
nal movement of the sample tube similar to the slow spinning 
used in high-resolution NMR spectroscopy.

	 3.	MRI images of the proton density are acquired with a Bruker 
Micro2.5 microimaging hardware setup using a standard 
three-dimensional spin-echo pulse sequence employing echo 
times (TE) of 1  ms, recycle delays (TR) of 0.8  s, spectral 
width of 100  kHz, and an isotropic spatial resolution of 
30 × 30 × 30 mm3.

	 4.	Each image consists of 128 × 64 × 64 data points, and at least 
two signal averages should be taken. The total acquisition time 
is 110 min per image for tobacco seeds (3) (see Note 4).

	 5.	The experimental MRI conditions may vary depending on the 
seed size and the spatial resolution required. For example, for 
larger seeds, two-dimensional MRI images can be acquired 
with a slice thickness of 0.2–0.5 mm.

	 6.	CSSI can be conducted with a broadline imaging package 
(BLIP) developed by Bruker which allows simultaneous acquisi-
tion of both water and oil images. In CSSI experiments, refocus-
ing and selection pulses are 1.2 and 0.3 ms, respectively, with an 
echo time (TE) of 4-8 ms and a recycle delay (TR) of 1 s.

	 7.	False-color images of slices can be obtained from raw data with 
image processing software, such as ImageJ, a public domain 
Java-based program (http://rsb.info.nih.gov/ij/).

	 1.	In oil seeds, like tobacco, the 1H-NMR signal of “dry” seeds 
and of seeds during phase I water uptake (imbibition) is due to 
oil and water. In phase II, the water peak becomes prominent 
and what is detected is essentially water (see Fig. 1 of Manz 
et al. (3)). Separate MRI images of oil and water can be acquired 
using CSSI (Fig. 2) (18).

	 2.	To obtain meaningful results from an in vivo 1H-NMR micro-
imaging experiment, images must be obtained for several seeds 
at the same stages. Representative typical images may then be 
selected for presentation.

	 3.	When several phase III seeds are placed together in the capil-
lary for 1H-NMR microimaging, the subsequent computer 
separation can become problematic because of overlaps in the 
growing structures. This is not a problem with phase II seeds.

4. �Notes
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	 4.	Small seeds require higher resolution and this means longer 
acquisition times. If acquisition times exceed several hours, 
the physiological changes in the seed need to be taken into 
account.
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