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Summary Water content and mobility, which are factors
known to be associated with dormancy induction in
woody plants on a tissue level, were measured using nondestructive magnetic resonance microimaging (MRMI).
Two cultured poplar clones (‘Okanese’ – temperatureinsensitive dormancy and ‘Walker’ – temperature-sensitive
dormancy) were subjected to dormancy diﬀerentiating
temperature regimes, 18.5/3.5 C and 18.5/13.5 C (day/
night), under a short photoperiod. Apparent diﬀusion
coeﬃcient, an indicator of water mobility, correlated with
dormancy development in the axillary bud and vascular
bud trace regions. In contrast, T1 relaxation time, an
indicator of static biophysical water properties, did not
correlate signiﬁcantly with dormancy in the regions that
were examined. Although MRMI studies using T1 relaxation measurements have dominated the phytological
ﬁeld, our work indicates that water mobility is an
important factor in studies examining water changes
during dormancy induction in the critical tissues of
woody plants.
Keywords: T1 relaxation.

Introduction
The connection between dormancy and water status has
been extensively studied (Faust et al. 1991, 1995, Li et al.
2003); nevertheless, localized changes within a plant tissue
have been diﬃcult to elucidate. During dormancy induction,
the water content of plant tissue decreases (Rinne et al. 1994,
Jeknic and Chen 1999), particularly in the axillary bud (Li
et al. 2003). Where dormancy is photoperiod sensitive, short
photoperiods cause growth cessation and reduced water
content. These are observed as tandem processes, but the
details of any linkage are not perfectly understood.

Water is the essential medium for many metabolic processes; moderating its availability impacts metabolic activity
and, in turn, growth. Biological water-modulation strategies include bulk transport from the plant to the environment or to non-critical areas in the plant. At the cellular
level, water activity is modulated by hydrophilic molecules,
such as sugars and dehydrin proteins. These compounds
accumulate during dormancy induction and cold acclimation and change both the osmotic potential of water and
its availability (Kuroda and Sagisaka 2001). Regional macroscopic events such as osmotic balance, membrane permeability and aquaporin distribution may also impact the
movement of water between cellular and extracellular
spaces (Yooyongwech et al. 2008). These considerations
suggest that understanding the physical state, the chemical
potential and the relative mobility of water will enhance our
understanding of dormancy development and its regulation
in cultured poplar buds.
Whole plant methods for evaluating water content are
often destructive and do not provide information on the state
and distribution of residual water fractions. Nuclear magnetic resonance (NMR)-based measurements are an attractive, non-destructive alternative. It allows measurement of
a variety of biophysical parameters, including diﬀusion, viscosity and solute status. Measurements can be made by averaging over the whole organism or by selecting the regions of
interest (ROI) using non-invasive imaging protocols. For
spectroscopic studies, a variety of magnetically active nuclei
are available; for imaging studies, 1H (the hydrogen nucleus)
oﬀers the greatest sensitivity (Morris 1986; cited in Connelly
et al. 1987). Spectroscopic and imaging protocols can be
combined so that high-resolution (a typical spatial resolution
is 50 lm · 50 lm), non-destructive measurements of biophysical interactions occurring within the plant tissue (Ishida
2000) are possible using magnetic resonance microimaging
(MRMI). MRMI-based dormancy studies include seed
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Magnetic resonance microimaging indicates water diﬀusion correlates
with dormancy induction in cultured hybrid poplar
(Populus spp.) buds
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duced. Recent technical advances have increased the ease
of use, and others have achieved an excellent resolution
at a higher ﬁeld strength (Yooyongwech et al. 2008).
Our previous report (Kalcsits et al. 2009) showed temperature to be a signiﬁcant factor regulating dormancy induction in certain hybrid poplar clones. This provided
a valuable system with which to further articulate the
involvement of water in dormancy induction. Thus, two
hybrid poplar clones, ‘Walker’, a temperature-sensitive
clone and ‘Okanese’, a temperature-insensitive clone, were
exposed to temperature treatments that were known to differentiate their dormancy responses. The T1 and diﬀusionweighted images were obtained to investigate if there was a
relation between the biophysical properties of water and
dormancy induction in axillary buds of woody plants.

Materials and methods
Plant material and growing conditions
Hybrid poplar (Populus spp.) clones used in these experiments were interspeciﬁc hybrids from native and exotic
species developed by Agriculture and Agri-Food Canada
breeding stations at Indian Head, Saskatchewan
(5030.7 0 N) and Morden, Manitoba (4911 0 N). ‘Walker’
is a cross of P. deltoides and P. · petrowskyana. ‘Okanese’
is a progeny from ‘Walker’. Dormancy induction in
‘Okanese’ and ‘Walker’ is relatively temperature insensitive
and temperature sensitive, respectively. Contrasting dormancy patterns in these clones under diﬀerent temperature
treatments allow us to compare the changes in water with
the changes in dormancy.
Hardwood cuttings were propagated from hardwood
cuttings in Spencer-Lemaire (Spencer-Lemaire Industries,
Edmonton, Alberta) root trainers ﬁlled with soil-less media
(Sunshine No. 4, Sun Gro Horticulture Inc., Bellevue, WA)
and grown in a greenhouse (20 ± 5 C) under natural light
supplemented with 400 W high-pressure sodium lights
(18 h photoperiod, 600 lmol m2 s1). The rooting
media were kept constantly moist during the rooting and
establishment period (about 2 weeks). Cuttings were
watered when required, usually every 1 or 2 days. Plants
were fertilized with 100 ppm 20-20-20 water-soluble fertilizer + micronutrients once every week for the ﬁrst 2 weeks
and twice per week after 2 weeks. After 5–6 weeks of
growth in the greenhouse (plants 30–45 cm tall), uniformly
sized plants were selected and subjected to experimental
treatments in growth chambers and grown over a period
of 60 days.
Controlled environment chambers (Conviron model
PGR15, Winnipeg, MB) were located at the phytotron facility in the College of Agriculture and Bioresources at the University of Saskatchewan. Well-established protocols were
adapted to induce dormancy (Welling et al. 1997, Rinne
et al. 1998, Granhus et al. 2009). Two day–night temperature
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germination (Connelly et al. 1987, Hou et al. 1997) and bud
dormancy (Faust et al. 1991, Erez et al. 1998, Fennell and
Line 2001, Yooyongwech et al. 2008). It is interesting to note
that earlier attempts to relate water status to dormancy in
woody species axillary buds and vascular tissue were inconclusive (Faust et al. 1991).
The NMR measurements require that the nucleus of
interest (in this case, the water proton, 1H) be excited by
a brief pulse of energy. Relaxation measurements reﬂect
the rate at which the signal from the excited nuclei disappears. There are two processes involved: one that results
in the added energy being transferred to the environment
(characterized by the time constant T1) and those processes
that disperse the signal from the excited cohort (characterized by the time constant T2). The ability to weight images
based on T1 or T2 (or to calculated time constant maps) has
led to the notion of considering these as ‘stains’ reﬂecting
the biophysical properties (including viscosity and solute
concentration) of the tissue water (Belton and Ratcliﬀe
1985; cited in Snaar and Van As 1992).
Investigations of water changes during dormancy have
used NMR imaging during dormancy induction, maintenance and release (Faust et al. 1991, Gardea et al. 1994,
Fennell et al. 1996, Erez et al. 1998, De Fay et al. 2000).
Several of these studies measured T1 and/or T2 relaxation
times (Faust et al. 1991, 1995, Fennell et al. 1996, Gardea
et al. 1994, Erez et al. 1998). Although these parameters
may reﬂect changes in local water content and binding
within the plant tissue, the T1 and/or T2 relaxation times
do not provide any insight into water translational mobility. Identifying changes in water mobility is paramount
for completely elucidating water changes during dormancy
because cell-to-cell communication including the movement
of water and metabolites is necessary for growth-related
metabolic activity (Yooyongwech et al. 2008).
Water mobility within the plant tissue can be measured
using MRMI by producing images weighted for diﬀusion
(or ﬂow) where the contrast is derived from average mobility within the volume element. Often, multiple diﬀusion
measurements are taken over a range of diﬀusivities, allowing the calculation of an apparent diﬀusion coeﬃcient
(ADC) for every volume element (Tanner 1983). This diﬀusion map forms the basis of subsequent calculations. For
example, Hou et al. (1997) used diﬀusion-weighted imaging
to determine localized water uptake in Avena fatua L. seeds
during germination. Diﬀusion-weighted imaging has been
used sparingly to study tissue dormancy. De Fay et al.
(2000) used diﬀusion-weighted images to show increases
in water movement and activity during budburst in Picea
abies (L.) Karst. buds after fulﬁllment of its chilling requirement. Diﬀusion-weighted images were used to assess water
mobility (proportional to ADC value) in Tulipa spp. bulbs
during chilling (Van der Toorn et al. 2000). Past investigations had been limited by technical constraints such as low
magnetic ﬁeld strength and large ﬁeld of view, which are
factors that limit the resolution of the images being pro-
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Sample collection and preparation
Plant samples (N = 3) were collected at 0, 40 and 60 days
during the induction treatment for NMR analysis. Axillary
buds (N = 8) randomly chosen from the three plant samples, about 15 cm from a terminal bud, were selected to
ensure maturity of stem tissue. Stem sections were cut
2 cm below and above the selected axillary bud. The stem
section with the axillary bud was placed in 10 cm NMRsample tubes with moist cotton balls to prevent dehydration. Dormancy levels were also assessed, on the same
plants used for NMR, at 0, 40 and 60 days, with a

bud-break assay that was previously described in Rinne
et al. (1998). This assay uses forcing conditions (incise cuttings, maintained in water culture under long days and
warm nights) where most buds eventually will break the
dormancy. In actively growing clones, budbreak was about
5 days. Without forcing, the plants do not resume growth
until a chilling treatment is applied.
NMR microimaging and data processing
Microimaging experiments were conducted using a Bruker
AM (Bruker Biospin, Milton, Ontario) 8.45 T, wide-bore
spectrometer equipped with the standard microimaging
accessories located at the Plant Biotechnology Institute
(PBI) in Saskatoon, SK, Canada. Data was collected in a
128 · 128 array, using a 10.5 mm (i.d.) radio frequency
coil. An orientation matrix was designed to orient slices
to ensure uniformity across samples. Four image slices
(1.0 mm thick) were produced from each of the three buds
(N = 3): two slices corresponding to the stem and vascular
branching into the axillary meristem, and two slices for the
axillary bud (Figure 1). Because of its small size, it was
extremely diﬃcult to consistently image the meristem without including superior and inferior volumes. Thus, the
ROIs (about 100 pixels) selected were the vascular stem tissue, vascular bud trace and axillary bud regions.
Diﬀusion-weighted images were acquired using a spinecho diﬀusion-weighted sequence with weighting factors of
30, 275 and 845 s mm2 (Stejskal and Tanner 1965). These
weighting factors were empirically determined to provide
adequate diﬀerentiation of diﬀusing water isochromats (populations) in this system. Higher weighting factors encode less
mobile water molecules such as tissue water, whereas lower
weighting factors sample the more mobile interstitial water
populations. Thus, in this cultured poplar system, the

Figure 1. MRMI cross-sectional images of poplar clone, Walker, illustrating the sampling strategy. The numbered images correspond
to the numbered level marks in the photograph. Within an image the regions selected for determining the T1 relaxation rates and
diﬀusion coeﬃcients are identiﬁed. This ﬁgure appears in color in the online version of Tree Physiology.
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treatments were used during the induction period. Day temperature was 18.5 C for both treatments, and night temperature was 3.5 or 13.5 C. In addition to temperature, growth
conditions in the chambers were as follows: light intensity
was about 300 lmol m2 s1 produced by an even ratio of
incandescent and ﬂuorescent lights; and humidity was about
40–60% RH. Plants were exposed to 12 h photoperiods, similar to the average photoperiod present during September in
Saskatoon, Saskatchewan (527 0 N) for 30 days. After 30
days, day length was reduced to 10 h to simulate the shorter
autumn daylight period, and plants were grown for another
30 days. The plants were watered when required, normally
once every 1 or 2 days. They were fertilized with 100 ppm
20-20-20 water-soluble fertilizer + micronutrients twice
per week for the ﬁrst 3 weeks and once per week from that
point to the end of the 60-day induction period. The plants
were not allowed to dry at any time.
Growth cessation occurred at 28 days in Walker and
Okanese under the warm night treatment, at 33 and 56 days
in Okanese and Walker, respectively, under the cool night
regime. Once this occurred, dormancy began to develop
in the plants.
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ADC ¼ ½ln ðI 0  I b2 Þ  ln ðI 0  I b1 Þ=ðb2  b1 Þ;
where b1 and b2 are instrument-dependent constants (275
and 845 s mm2) and Ib1 and Ib2 are the corresponding
observed pixel intensities (Stejskal and Tanner 1965).
Higher ADC values represent an increased water mobility
within the sample tissue. Pixel ADC values were averaged
over each ROI, and the data was analyzed using a twoway ANOVA (a = 0.05), where clone and temperature
regime were ﬁxed eﬀects. Paired t tests (a = 0.05) were
used to determine the diﬀerences between treatments.
The T1-weighted images were produced using a spin-echo
T1-weighted program. Three sets of images corresponding
to three TR (repetition time, T1 weighting factor) values
of 100, 500 and 1000 ms were produced. Mean intensity
values for each ROI (I) were plotted against TR and T1
values calculated using the equation:

I ¼ I 0 1  eTR=T 1 ;
where I is the pixel intensity measured at TR and I0 is the
maximum intensity (measured after full relaxation) (Ernst
et al. 1990).
Higher T1 relaxation times correspond to a higher free
water content and, conversely, to a less viscous environment. Once the T1 values were calculated for each ROI in
each sample, the data was analyzed using a three-way
ANOVA (a = 0.05) for each ROI where day, clone and
temperature regime were ﬁxed eﬀects. Paired Student’s
t tests (a = 0.05) were used to determine the diﬀerences
between ROIs.
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Figure 2. Dormancy development as measured by Days to
Budbreak in ‘Walker’ and ‘Okanese’ poplar clones under two
temperature treatments during 60 days of short photoperiod
(12 h) conditions (N = 8). Error bars are ± SE of the mean
values.

greater in ‘Okanese’ than in ‘Walker’ (P < 0.05, N = 8),
indicating that dormancy development is more sensitive
to night temperature in ‘Walker’ than in ‘Okanese’.
Water mobility measured by diﬀusion-weighted imaging
Water diﬀusion-weighted images (Figure 3) were acquired to
calculate the ADC for the ROI. In the diﬀusion-weighted
images (Figure 3B and C), bright areas correspond to compartments with restricted diﬀusion. A visual comparison of
unweighted (Figure 3A) and diﬀusion-weighted images
(Figure 3B and C) reveals the diﬀerential tissue contrast
available with incrementing weighting values. At the highest
weighting value (Figure 3C), only the restricted intracellular

Results
Dormancy development
Some dormancy development occurred in all induction
treatments. However, the ‘Days to Budbreak’ metric for
dormancy diﬀered among clones and temperature treatments (Figure 2) (P < 0.05, N = 8, df = 7). ‘Days to
Budbreak’ was greater under the 18.5/13.5 C induction
treatment than under the 18.5/3.5 C induction treatment
in both ‘Walker’ and ‘Okanese’. Under the 18.5/13.5 C
induction treatment, there was no signiﬁcant diﬀerence in
dormancy development between ‘Walker’ and ‘Okanese’
(Figure 2) (P < 0.05, N = 8, df = 7). In the 18.5/3.5 C
induction treatment, ‘Days to Budbreak’ was signiﬁcantly

Figure 3. Diﬀusion-weighted images of the untreated hybrid
poplar clone ‘Walker’. The image series illustrates the diﬀerential
tissue contrast provided by diﬀusion weighting. In these images,
areas that contain highly mobile water become darker as the
weighting factor is increased. Diﬀusion restricted water populations are less aﬀected by the increasing weighting. (A) weighting factor b = 0; (B) weighting factor b = 275 s mm2 and (C)
weighting factor b = 845 s mm2.
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detected populations included both the extracellular water
and water in vascular tissue and the intracellular or otherwise
restricted water. Weighting factors (b) were plotted against
intensity (I). The best-ﬁt equation was extrapolated to determine I0 (Y-intercept). To calculate ADC, the two higher
weighting factors (275 and 845 s mm2), presumed to preferentially sample intracellular or other less mobile fractions,
were used. The ADC was calculated from
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0 Days

40 days

induction treatments, respectively (Figure 5). In ‘Okanese’
at 60 days of induction, the ADC in the vascular stem tissue
region was 10.3 · 104 and 8.8 · 104 mm2 s1 for the
18.5/13.5 C and 18.5/3.5 C induction treatments, respectively, and was not signiﬁcantly diﬀerent (P < 0.05,
N = 3, df = 2) (Figure 5). In contrast, the ADC for
‘Walker’ at 60 days of induction from the 18.5/3.5 C treatment was signiﬁcantly greater than that from the 18.5/
13.5 C induction treatment (P < 0.05, N = 3, df = 2)
at 13.9 · 104 and 9.5 · 104 mm2 s1, respectively.
In the vascular bud trace, the ADC decreased by 56%
and 3% for ‘Walker’ and by 60% and 54% for ‘Okanese’
under the 18.5/13.5 C and 18.5/3.5 C induction
treatments. The ADC values for ‘Walker’ were 4.2 · 104
and 9.3 · 104 mm2 s1and those for ‘Okanese’ were
3.4 · 104 and 3.8 · 104 mm2 s1, respectively, at 60 days
of induction. Relative decreases in ADC were greater in the
vascular transition region than in the vascular stem tissue
region. Temperature signiﬁcantly inﬂuenced ADC values in
the vascular stem tissue region and in the vascular bud trace
region during the induction period in ‘Walker’ but not in
‘Okanese’.

60 Days

18.5 ºC
/3.5 ºC

6.8

8.6

Walker
18.5 ºC
/13.5 ºC

5.25

12.5

19.4
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15.1
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Figure 4. Cross-sectional NMR images
(Level 1 from Figure 1, b = 0) of
‘Walker’ and ‘Okanese’ hybrid poplar
(Populus sp.) stem and axillary bud after
0, 40 and 60 days in controlled environment chambers at 18.5/3.5 C and 18.5/
13.5 C day/night temperature and 12 h
day/night (short) photoperiod. The
numbers under the images represent the
mean Days to Budbreak. Visible in the
images are sequential changes during the
observation period as water redistributes
in the observed regions. Note that the pith
of those clones achieving substantial
dormancy shows progressive darkening.
The Day 0 Okanese example is taken at
Level 3 (Figure 1).
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and interstitial water contributed signiﬁcantly to the image.
The ADC was calculated for ROI. The ADC was the highest
in the stem vascular tissue region (8.77–13.98 mm2 s1 104)
and lowest in the axillary bud region (3.13–5.85 mm2 s1
104). The ADC of the vascular bud trace (2.68–6.71 mm2
s1 104) was intermediate to the ADC values for the stem
vascular tissue and axillary bud tissues
The temperature treatments appeared to change the biophysical properties of the tissue water. In Figure 4, sample
images from the temperature treatment series illustrate the
diﬀerential eﬀect of temperature on compartment water diffusion. For example, water in the central pith region of
Walker demonstrated little variation in diﬀusivity under
the low night temperature regime (Figure 4, row 1). Where
the growth regime induced substantial dormancy, signiﬁcant changes were observed (Figure 4, rows 2–4). For
example, attenuation of the water signal from the pith
region was notable. Generally, ADC decreased in all tissues
in all clones during treatment. Over the 60-day induction
period, the ADC decreased in the vascular stem tissue
region by 32% and 1% for ‘Walker’ and by 36% and
25% for ‘Okanese’, for the 18.5/13.5 C and 18.5/3.5 C

1273

1274

KALCSITS ET AL.
16

A
I

14

0

><

'E"'
N

12

.§,
u

''

--o- Walker 18.5/13.5 •c

C

<(

10

.,.•• Walker 18.5/3.5 •c
--Ii· -

Okanese 18.5/13.5 •c

.....,... Okanese 18.5/3.5 •c

'

-,~1

8

12

B

-

...

9

Vascular Bud Trace

··.:.::-

~":.::.-~·.:.::--..:.:-,----·············

0

''

><

'cn
N

6

E

.§,
u
C

<(

''

''

-!

''

3

treatments, respectively. At 60 days of induction, ADC values for ‘Walker’ were 2.8 · 104 and 5.1 · 104 mm2 s1
and those for ‘Okanese’ were 2.8 · 104 and 2.7 · 104 mm2
s1, respectively.
The adaptive response to the growth treatments was
apparent ﬁrst in the axillary bud and vascular bud trace tissues. The stem vascular tissue exhibited no signiﬁcant difference in ADC between treatments until 60 days of
induction (Figure 5).
There was no decrease in ADC over time for ‘Walker’ in
the 18.5/3.5 C induction treatment. Diﬀerences in ADC
were seen for clones at 40 days of induction in the vascular
bud trace region but not for temperature treatment
(P < 0.05, N = 3, df = 2). At 60 days of induction, there
was a clone–temperature interaction where ADC values
decreased more under the 18.5/13.5 C induction treatment
than under the 18.5/3.5 C treatment for ‘Walker’ but not
for ‘Okanese’. There were also clone–temperature interactions apparent at 60 days for the ADC values in the axillary
bud region, but these were already observed at 40 days of
induction. The ADC decreased more in the 18.5/13.5 C
induction treatment than in the 18.5/3.5 C treatment
for ‘Walker’ (P < 0.05, N = 3, df = 2). However in
‘Okanese’, the decrease in ADC over time was the same
under both induction treatments.
T1-weighted experiments
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Figure 5. ADC of stem vascular tissue, vascular bud trace and
axillary bud regions in ‘Walker’ and ‘Okanese’ poplar clones
under two induction treatments in controlled environment
conditions (N = 3). These values were calculated from diﬀusion-weighted series such as those shown in Figure 3. Error bars
are ± SE of the mean values.

The ADC values in the axillary bud region decreased by
59% and 23% for ‘Walker’ and by 51% and 53% for
‘Okanese’, under the 18.5/13.5 C and 18.5/3.5 C induction

Relaxation times are commonly measured to reﬂect viscosity in the ROI. Higher T1 relaxation times suggest an
increased water activity, a decreased binding or a combination of both. In general, mean T1 relaxation times were
highest in the vascular stem tissue region (452–1030 ms),
intermediate in the vascular bud trace region (ranging from
219 to 564 ms) and lowest within the axillary bud region
(ranging from 177 to 356 ms) (Figure 6). There was a significant decrease in T1 times for ‘Walker’ in all tissues at 40
days of induction (P < 0.05, N = 3, df = 2) for both
temperature treatments, but there was no further decrease
at 60 days. The T1 relaxation times for ‘Okanese‘ did not
change over time in the axillary bud or vascular bud trace
region, but did show a small decrease in the stem vascular
tissue region (P < 0.05, N = 3, df = 2). The stem vascular tissue region exhibited a tendency of lower T1 times at
40 and 60 days of induction. Unlike ADC, temperature
treatments did not produce wide diﬀerences in T1 relaxation
times for either poplar clone (Figure 6). Although the vascular bud trace region did reveal a transient lower T1 relaxation time for the 18.5/13.5 C temperature treatment in
‘Walker’ at 40 days, this diﬀerence disappeared by 60 days.
The change in T1 relaxation times during the induction period was more linear for ‘Walker’ in the 18.5/3.5 C than in
the other induction treatment and for ‘Okanese‘ in both
induction treatments. Initially, T1 values of ‘Walker’ were
higher than those of ‘Okanese’ in all regions that were
examined (Figure 6).
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under warm night temperatures, and thus, this correlation
appears to be weak. Changes in T1 times in the other regions
did not signiﬁcantly correlate with dormancy levels that were
observed during the induction period.
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Figure 6. The T1 relaxation times of stem vascular tissue,
vascular bud trace and axillary bud regions in ‘Walker’ and
‘Okanese’ poplar clones determined under two induction treatments in controlled environment conditions (N = 3). These
values were calculated from a series of images where the time
between successive acquisitions is incremented to allow calculation of the longitudinal relaxation coeﬃcient T1. Error bars
are ± SE of the mean values.

The axillary bud and vascular bud trace regions appear to
be closely involved in dormancy development. We note
here that the most immediate decrease in ADC under dormancy inducing conditions occurred in the axillary bud followed by the vascular bud trace region. Fennell and Line
(2001) determined that water in the Vitis · spp. cortex/
gap tissue, between the vascular stem tissue and the axillary
bud, rapidly decreases during dormancy induction. The
importance of these tissues was also noted by Yooyongwech
et al. (2008), who recently reported that aquaporin
expression in the basal bud region was most closely associated with changing dormancy status compared to other
regions examined. Quamme (1995) reported that cells in
the basal region of peach buds were smaller and contained
smaller vacuoles than those in subtending tissues. Ashworth
(1982) described an undeveloped vascular tissue at the base
of axillary buds in peach which restricted water movement
between the bud and the cambium tissue and appeared to
allow supercooling in dormant buds. These observations
predisposed us to anticipate a reduction in water mobility
in the axillary bud and vascular bud trace regions, thereby
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as occurs during cold acclimation, increases cellular-water
viscosity, contributing to a decrease in T1 relaxation coeﬃcients. A decrease in tissue water content is observed during
dormancy induction (Jeknic and Chen 1999, Wake and
Fennell 2000, Welling et al. 2002, Li et al. 2003). A lower
water content will increase intracellular viscosity. Gardea
et al. (1994), using 1H-NMR spectroscopy, reported
changes in water status in grape buds under exposure to
short photoperiods. However, these changes were averaged
over whole buds and were evident in synchronized derivative spectra, not in relaxation maps. In the ROI selected
here, water content did not change signiﬁcantly. There were
other tissues, such as the pith, that indicated a decrease in
water content (indicated by a progressive darkening of
the center of the stem in samples as shown in Figure 3)
but were not a sampled ‘ROI’. Thus, while T1 times in
ROI did not indicate a decrease in water content, decreases
in water content in the pith may account for the discrepancies between this study and previous studies using non-tissue-speciﬁc water measurements.
In conclusion, we have shown that water mobility, indicated by reduced ADC in speciﬁc tissues, correlated with
the level of dormancy achieved by cultured hybrid poplar.
In addition, in these studies, the ADC parameter more closely correlated with dormancy development than did the T1
relaxation time of the same tissue. We demonstrated that the
ADC measurements in the axillary bud and vascular bud
trace regions correlated better with dormancy development
than did the vascular tissue measurements. In addition, the
axillary bud region demonstrated the greatest sensitivity to
temperature-induced dormancy. These changes lend
strength to theories that localized biochemical and physiological changes within vascular and meristematic tissues
underlay dormancy development in woody plants. With
the improvement of MRMI technology increasing image
resolution, it is becoming possible to resolve and study the
properties of smaller tissues. With further improvement in
resolution and accuracy in sampling locations, the use of
ADC as a measure of water mobility and as a reﬂection of
dormancy development is promising for dormancy studies
on woody plants.
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limiting hormonal or physiological communication between
the axillary bud and the stem.
The control of dormancy in woody plants appears to be
regulated within the axillary bud (Fuchigami et al. 1982,
Rinne et al. 2001). Cell-to-cell communication is integral
in regulating meristematic growth and may be restricted
during dormancy (Rinne et al. 2001). Jian et al. (1997)
showed a blockage in the plasmodesmata in concert with
dormancy induction in poplar buds. Furthermore, Rinne
and Van der Schoot (2003) identiﬁed the presence of
1,3-b-D-glucan that narrows or blocks plasmodesmata,
thereby controlling cell-to-cell movement of metabolites in
the apical meristem. If present, this represents a restriction
on water movement and would be reﬂected as a reduction
in ADC, and this is what we observed. Support for this postulate might be obtained by examining the ADC changes
during dormancy release. Chilling (dormancy release)
increases 1,3-b-glucanase activity in the plasmodesmata of
dormant woody plants (Rinne et al. 2001, Rinne and Van
der Schoot 2003). Degradation of the 1,3-b-D-glucan should
reduce barriers to diﬀusion and be reﬂected as a local ADC
increase.
The T1 relaxation did not correspond as closely with dormancy development during the induction period as did
ADC. These results diﬀer from past studies where dormancy
was linked to a decrease in T1 and T2 relaxation values
(Faust et al. 1991, Liu et al. 1993). These contrasting results
may be attributed, in part, to the diﬀerent experimental conditions. The T1 and T2 relaxation times are parameters that
reﬂect changes in sample water content, viscosity and binding. This study used dormancy inducing conditions rather
than conditions that promote release from a previously
acquired dormancy. In the latter case, any confounding
eﬀects of (for example) cold acclimation are not resolved;
here, the combination of genotype and temperature regime
permitted some separation of these eﬀects. As a result, we
may suggest that ADC changes, but not necessarily relaxation rate changes, are linked to dormancy induction,
whereas cold acclimation produces both relaxation rate
and diﬀusion changes. Consistent with our ﬁndings,
Yooyongwech et al. (2008) recently reported that an
increase in ADC could be used as a marker of ecodormancy
release in peach ﬂower buds indicating a complementary
eﬀect to that observed in this dormancy induction study.
However, it must be acknowledged that not all diﬀusion
studies are consistent with our ﬁndings. De Fay et al. (2000)
measured both the ADC and T2 relaxation times in tulip
bulbs during chilling and found that the ADC did not
decrease during chilling. While other factors may play a
role, it is important to note that the image resolution was
not high and this may have resulted in a partial-volume
eﬀect that blurred responses from critical regions.
Accumulation of hydrophilic molecules such as sugars
(Palonen 1999, Cox and Stushnoﬀ 2001, Kuroda and
Sagisaka 2001) and of proteins (Rinne et al. 1998), such
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