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Abstract

The heat production of seeds during germination
comes from metabolism as well as hydration. Previous
studies either lack continuous measurements, or are
based on samples composed of more than one seed,
thus failing to characterize differences among the
critical phases of germination. This study examines
the potential of isothermal calorimetry to characterize
water uptake and metabolism in single seeds. Seeds
of malting barley (Hordeum vulgare L.) and winterfat
[Krascheninnikovia lanata (Pursh) A.D.J. Meeuse &
Smit], two species with contrasting seed size,
structure, composition and selection history, were
used to determine patterns of heat production rate by
isothermal calorimetry during water uptake and
germination. Embryos of malting barley contributed
less than 4% of total seed weight, and metabolic heat
production during Phase I of germination was
negligible compared to that due to hydration. Embryos
accounted for 74% of seed mass for winterfat, and the
majority of heat produced in Phase I was due to
metabolic heat release. The total heat production rate
in Phase I decreased rapidly in malting barley due to
slowing of hydration reactions, but increased gradu-
ally in winterfat due to an increasing metabolic rate.
The heat production rate at the end of Phase II was
about twice as high in malting barley as in winterfat.
This indicates a higher metabolic activity for malting
barley than for winterfat seeds during germination,
which may have also contributed to the rapid increase
in the heat production rate of malting barley seedlings
during Phase III, compared to the gradual increase in
heat production rate of winterfat. The comparison
between excised embryos and intact seeds indicates
that the covering tissues delay radicle emergence in

malting barley, but not in winterfat, due to differences
in seed structure between the two species.
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Introduction

The seed germination process can be characterized by
a tri-phasic water uptake curve (Bewley and Black,
1994). Changes in physiological and biochemical
activities during seed germination have been associ-
ated with these phases. The repair of cell membranes
and DNA, and protein synthesis using stored mRNAs,
are thought to occur during water uptake in Phase
I. Activation of reserves and metabolic activities, i.e.
mitochondria and protein synthesis using new
mRNAs, commences in Phase II, and growth resumes
as a result of cell elongation and division in Phase III
(Bewley and Black, 1994; Buchanan et al., 2000). The
application of image analysis to water uptake during
imbibition and germination provides a continuous
and non-destructive measure of changes in seed water
status (McCormac and Keefe, 1990; Dell’Aquila et al.,
2000), but does not provide direct evidence on
metabolic changes.

Viable and non-viable seeds cannot be distin-
guished based on water uptake in Phase I, because it is
a physical process driven by the water potential
gradient between the seed and its surroundings, even
though respiratory metabolism can commence within
minutes of water uptake in viable seeds (Bewley and
Black, 1994). Similarly, both dormant and non-dormant
seeds are metabolically active in Phase II, but only
when the non-dormant seed enters Phase III can the
two states be separated. Uneven distribution of ATP
was found between radicle and cotyledons of non-
dormant wild-type tomato (Lycopersicon esculentum
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Mill.) seeds, while ATP distribution is more uniform in

dormant seeds (Spoelstra et al., 2002). The biochemical

processes required for cell growth and wall expansion

in the embryonic axis at the end of Phase II remain to be

elucidated (Buchanan et al., 2000). Plant metabolism

can be studied with calorimetry, which measures

metabolic heat production rate (Rq), as well as heat

from all other processes (Thygerson et al., 2002). The

application of calorimetry to seed germination may

provide bioenergetic information for understanding

physiological and biochemical processes and readiness

for germination.
Heat production rate is positively correlated with

metabolism (Criddle et al., 1997) and is a good
indicator of seed vigour of germinating radish
(Raphanus sativa L.) seeds (Yamaguchi et al., 1990).
Increases in heat production rate of seeds during
germination and after radicle emergence have been
reported for melon (Cucumis melo L.) seeds (Edelstein
et al., 2001); however, changes in heat production rate
during the phase transition in an individual seed,
especially at the time of radicle emergence, were not
measured due to the non-continuous method in their
study. Hu et al. (2001) established the relationship
between heat production rate and water uptake
during seed germination of Robinia pseudoacacia Linn.
with calorimetry. The results showed a continuous
increase in heat production rate with increasing water
content. Only one sample with 20 seeds was tested,
and the point of radicle emergence could not be
detected because of variation in germination times.
Sigstad and Garcia (2001) and Sigstad and Schabes
(2000) generated thermal power–time curves of
quinoa (Chenopodium quinoa Willd.) seeds using five
seeds per sample, but the time of germination was not
directly visible in these curves. These previous studies
on heat production rate of seeds during germination
either lack continuous measurements or are based on
samples composed of several seeds. Thus, they fail to
characterize differences in heat production rate among
the critical phases of germination.

Variability in seed physiological traits, especially
the time required for germination, exists among
individual seeds of a population (Garcia-Huidobro
et al., 1982; Ellis et al., 1986). Modelling of seed
germination is based on the concept of subpopulations
(i.e. Bradford, 1995, 2002). Therefore, studies of heat
production rate of seeds among subpopulations, and
of correlations between heat production rate and other
physiological traits of seeds, such as seed water
uptake, may provide more information about physio-
logical processes during seed germination. Such
results would be useful in understanding the
metabolic processes leading to seedling establishment,
and to relate subpopulations to variations in metabolic
rates within a seed population.

We hypothesize that changes in the heat pro-
duction rate of an individual seed during
germination may be correlated with the tri-phasic
water uptake curve; seeds with different structures
(endospermic versus reduced-endospermic) may
have different heat production patterns during
germination. To test the potential of isothermal
calorimetry to provide answers to these questions,
seeds of two species, winterfat (Krascheninnikovia
lanata (Pursh) A.D.J. Meeuse & Smit; from the
Chenopodiaceae family) and malting barley (Hordeum
vulgare L. cv. CDC Kendall), were studied. Seeds of
these species were chosen because they have very
different sizes, structures, compositions and selective
histories, thus representing extremes of the spectrum
of seeds physiology. Winterfat is a small, dicot shrub
native to the Great Plains of North America, and the
endosperm of a mature seed is reduced. Malting
barley with a starchy endosperm was used for
comparison because it is the most tested cereal grain
for germination, especially the biochemical processes
during imbibition (Simpson, 1990). The objectives of
this study were to: (1) test our calorimetric method for
measuring the heat production rate of individual
seeds during germination, particularly at the initial
water uptake phase and at the point of radicle
emergence; (2) characterize and correlate heat pro-
duction rate with germination phases, such as
imbibition and radicle emergence; and (3) compare
the characteristics of heat production rates between
winterfat and malting barley seeds.

Materials and methods

Seed sources and characteristics

Malting barley seeds were obtained from the Crop
Development Centre, Department of Plant Sciences,
University of Saskatchewan. Seeds were harvested in
August 2002 and stored at room temperature.
Winterfat seeds (diaspores) were purchased from
Wind River Seed (Manderson, Wyoming, USA).
Diaspores were stored in a warehouse for approxi-
mately 7 months after harvesting in October 2001.
They were air-dried at room temperature for at least a
week after purchase, and then cleaned by rubbing,
fanning and passing serial sieves and blowers. Cleaned
seeds were sealed in plastic bags and stored at 2188C
until use. In order to calculate the embryo to whole seed
ratio, embryos were excised from seeds after 2–4 h of
imbibition in distilled water. The dry weights of seed
and embryo, and seed water content, were determined
after oven drying at 1008C for 24 h. All weighing was
done using a microbalance (Cahn C33, CAHN
Instrument, Inc., Cerritos, California, USA) with a
precision of ^0.001 mg. The seed water contents (WC)

Y. Qiao et al.230

https://doi.org/10.1079/SSR2005213 Published online by Cambridge University Press

https://doi.org/10.1079/SSR2005213


of winterfat and malting barley were within a narrow
range between 5.5 and 6.5% WC (dry weight basis),
and there was no significant difference between the
two species (P . 0.05) (see Table 1).

Seed water uptake during imbibition

Individual air-dried seeds of both species were
weighed and placed on top of two layers of Whatman
No. 1 filter papers in Petri dishes with distilled water.
Fifteen seeds of each species were used, and the
experiment was conducted in darkness (except when
the seeds were retrieved for weighing) at controlled
room temperature (22.5 ^ 1.08C), which was mon-
itored with a data logger (21X, Campbell Scientific
(Canada) Corp., Edmonton, Alberta, Canada). Seeds
were individually retrieved and quickly blotted using
tissue paper, and weighed at hourly intervals until
radicle emergence. Seed water uptake was then
calculated based on a seed air-dry weight (ADW)
basis.

The time course of individual seed water uptake
was best described with a linear logarithmic function
determined using both P value and R 2:

Y ¼ aþ blnX ð1Þ

where a and b are constants, X is the imbibition time
(h), and Y is the seed water content (% ADW).

Measurements of heat production rate by
calorimetry

Heat production rates were measured with three
Multi-Cell Differential Scanning Calorimeters (MC-
DSC; Model 4100, Calorimetry Sciences Corporation,
American Fork, Utah, USA) operated as isothermal
calorimeters. An individual seed was placed on top of
a paper disc (0.6 cm in diameter, Whatman No. 1) in
each of the three sample ampoules of the calorimeter,
with 20 or 80ml of distilled water for winterfat or
malting barley, respectively. Ampoules were then
sealed, weighed and placed inside the calorimeter.
The fourth ampoule was left empty as a blank

reference. Temperatures of water baths and calori-
meters were set to 22.58C, which was close to the
ambient temperature, to maximize the equipment
stability and the precision of measurement. Data were
collected at 7-second intervals. Data in the first 50 min
were discarded to allow for thermal equilibration.
Baseline data were obtained with empty ampoules
both before and after each run. Sealed ampoules were
weighed again after each run, and data from ampoules
with a weight loss greater than 0.3 mg (from water
evaporation from the ampoule) were discarded, based
on results from preliminary tests.

Measurements of heat production rates of viable
and non-viable seeds during imbibition

Approximately 50 winterfat seeds and 25 malting
barley seeds were weighed (ADW) individually. Half
of the seeds were sealed individually in tin capsules
(Leco Instrument Ltd., Mississauga, Ontario, Canada)
and heated at 1008C for 24 h to produce dead seeds.
Heated seeds were cooled at room temperature within
the sealed capsules for 24 h, allowing re-absorption of
moisture. The death of heat-treated seeds was
confirmed by the absence of germination under
favourable conditions.

Prior to calorimetric measurements, seeds were
placed in marked plastic cassettes and soaked in 1%
sodium hypochlorite for 10 min for surface steriliza-
tion, and then rinsed several times with distilled
water. Heat production rates of viable and dead seeds
were measured continuously for 8 h during the initial
stage of imbibition. The value of the heat production
rate for each seed was baseline-corrected and
expressed as mW (mg ADW)21 of the whole seed.
Heat production rates were compared between dead
seeds (heat of water uptake) and live seeds to separate
the heat production rate of metabolism from that of
hydration. Because of the small seed mass and low
heat production rate of individual winterfat seeds
during imbibition, the above procedures were also
used to measure heat production rate for samples
containing 10 seeds/sample for comparison.

Table 1. Characteristics of malting barley and winterfat seeds used in the study.
Values are means ^ SE (n)

Species
Water content

(%, DW)
Seed weight

(mg, DW)
Embryo weight

(mg, DW)

Winterfat 6.39 ^ 0.08 (21) a* 2.25 ^ 0.18 (33) b 1.66 ^ 0.15 (33) a
Malting barley 5.89 ^ 0.05 (21) a 45.56 ^ 1.24 (21) a 1.76 ^ 0.07 (21) a

DW, oven dry weight.
* Means with the same letter within a column are not significantly different at
P # 0.05.
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Measurement of heat production rate during
radicle emergence

Approximately 100 winterfat seeds and 50 malting
barley seeds were weighed (ADW) individually,
surface sterilized and rinsed, as previously described.
Sterilized seeds were placed in Petri dishes on top of a
moistened filter paper (Whatman No. 1) and imbibed
at 22.5 ^ 0.58C in an incubator in darkness for a total
of 8 h, including pretreatment time. The same
procedures for the measurement of heat production
rate as previously described were followed, and the
heat production rate was measured for 16 h. The value
of the heat production rate for each seed was baseline-
corrected and expressed as mW mg21 embryo weight
(ADW). The selection of 16 h for the study of radicle
emergence was based on results from preliminary
tests, which indicated that most seeds started
germination after 8 h of imbibition at 22.58C, and
that at least 50% of the seeds germinated between 8
and 24 h. When sudden changes occurred in the
curves of heat production rate versus time during the
preliminary tests, data collection was halted and
ampoules opened 30 min after the sudden change, to
determine the germination phase of seeds.

Measurement of heat production rate of excised
embryos

Approximately 50 winterfat seeds and 50 malting
barley seeds were surface sterilized and rinsed as
described previously. This experiment was conducted
approximately 1.5 years after the DSC experiments on
intact seeds, and seeds of malting barley were from a
different harvest year. Sterilized seeds were placed in
Petri dishes on top of a moistened filter paper
(Whatman No. 1) and imbibed at 22.5 ^ 0.58C in an
incubator in darkness for approximately 3 h. Embryos
were excised from seeds, and the heat production
rates of individual embryos were measured for
30–40 h at 22.58C as described previously. The
incubation and excision procedures were conducted
under sterilized conditions. The lengths of embryos
were estimated before and after the calorimetric
measurement, and embryos with an increase in length
of 3 mm were considered ‘germinated’. Oven dry
weight (DW) of individual embryos was determined
after the test, as described previously.

Data analysis

Regression analysis (SAS Institute, 1995) was used to
determine the relationship between seed mass and
final seed water content before radicle emergence, as
well as water uptake time courses. The differences

between the two species were compared using a one-
way ANOVA.

Results

Morphological attributes of winterfat and malting
barley seeds

Malting barley seeds were more than 20-fold heavier
than winterfat seeds (Fig. 1, Table 1). However,
embryo weights were not significantly different
between the two species (P . 0.05). The endosperm
and seed coat of malting barley accounted for over
96% of the seed mass, compared to 26% in winterfat
seeds. The embryo of malting barley seed is partially
surrounded by the endosperm. In contrast, the
endosperm of winterfat seed is surrounded by the
embryo, which is enclosed in a membranous seed
coat.

Individual seed water uptake phases during
imbibition

Seed water content (% ADW) at 22.58C increased
rapidly in the first 5 h of imbibition, followed by a
gradual increase until radicle emergence for both
winterfat and malting barley (Fig. 2). However, there
was no clear separation of Phase II from Phase I. For
winterfat, the slopes of fitted individual seed water
uptake curves were between 25 and 43, except for the
two seeds that germinated within 10 h of imbibition.
The slopes for individual malting barley water uptake
curves were between 13 and 17, indicating a slower
and less variable water uptake among barley
compared with winterfat. Final water content immedi-
ately before radicle emergence was between 100 and
160% ADW for winterfat seeds, and between 50 and
70% for malting barley seeds; the difference between
the two species was significant (P , 0.05). Seed water
content before radicle emergence decreased linearly
with increasing seed mass in winterfat (P , 0.05).
A reverse trend, although statistically non-significant
(P ¼ 0.097), was found in malting barley.

Heat production rate during seed imbibition

The heat production rates of viable, air-dried seeds
without the addition of water were 0mW mg21 within
the limit of the resolution of the measurement,
indicating that metabolic activities of unimbibed
seeds were negligible (Table 2). Heat production was
detected during imbibition of both viable and dead
seeds of both species, indicating that heat was
produced during physical hydration (Fig. 3). For
barley seeds, the heat production rate decreased with
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increasing duration of imbibition in both dead and
viable seeds, and the patterns were similar between
dead and viable seeds. The decrease in heat
production rate slowed and the heat production rate
became nearly constant after 6 h of imbibition. Heat
production rates measured for individual seeds of
winterfat exhibited a large variation among seeds,
with some values in the negative range, probably due
to errors in measuring the small heat production rate.
Measurements using 10 seeds per sample provided
more reliable results, as indicated by the reduced
range of variation and similar patterns among
samples. Dead seeds of winterfat had a different
heat production pattern from that of viable seeds,
showing a much lower and relatively constant heat
production rate during imbibition. The pattern of heat
production rate in viable winterfat seeds was different
from that of viable barley seeds. A gradual increase in
heat production rate was observed in viable winterfat
seeds, which reached its maximum at 4 h of imbibition
and then decreased slightly.

Heat production rate during radicle emergence

Radicle emergence of intact seeds in both species was
marked by an increase in heat production rate and
associated with a continuous increase in heat
production rate afterward (Fig. 4). Radicle emergence
of winterfat occurred after approximately 9.5–16.5 h
of imbibition, while that of malting barley occurred
after 10.5 – 21.5 h. The heat production rate

immediately before radicle emergence was higher in
malting barley than in winterfat (Table 2). The increase
in heat production rate after radicle emergence was
gradual for winterfat but abrupt for malting barley.
For ungerminated seeds of both species, heat
production rate exhibited little change during the
same time period.

Heat production rate of excised embryos

The heat production rate of excised embryos (Fig. 5)
was within the range of that measured in intact seeds,
based on embryo weight (Fig. 4), confirming that the
heat production at Phases II and III was mainly from
metabolism. The exact point of time for radicle
emergence during heat production measurements
cannot be directly validated because of the gradual
increase in embryo length and the lack of seed coat to
mark radicle emergence. For most winterfat embryos,
there was an increasing trend in the heat production
rate between 8 and 24 h after imbibition, the time
period during which most winterfat seeds germinated
at 22.58C, based on preliminary experiments. How-
ever, large variation existed among individual
embryos, with some having no change, while others
exhibited a decline near the end of the measurement.
Similar to patterns observed at radicle emergence in
intact seeds (Fig. 4), the increase in heat production
rate seen in malting barley embryos was more
dramatic than in winterfat. The time for radicle
emergence of isolated barley embryos was less than

Figure 1. Seed structure of winterfat and malting barley. (A) Embryo of malting barley; (B) embryo of winterfat; (C) whole seed
of malting barley; and (D) whole seed of winterfat.
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8 h after imbibition, which was faster than that for
intact seeds. A decrease in heat production rate similar
to that in intact seeds was found during Phase III in
malting barley embryos.

Discussion

Using a single seed to study germination is important
because samples containing a group of seeds would
not reveal germination phases or the extent of
biological variation between individuals (Dell’Aquila
et al., 2000). The heat production rate with more than

one seed per sample represents the combined effect
of seeds at different physiological stages, which
cannot then characterize changes in heat production
rate between phases of germination. However, for
small-seeded species, such as winterfat, the heat
production rate of a single seed before radicle
emergence can be less than 5mW seed21 at 22.5 8C,
and therefore difficult to measure. In this study,
calorimeter performance was optimized by using the
same temperatures for the calorimeter measurement
and the water bath, and by maintaining a constant
temperature in the surroundings. A relatively high
temperature (22.58C) was selected to study the

Figure 2. Seed water content of winterfat and malting barley during imbibition, based on hourly weighing of individual seeds.
The last data point for each seed represents seed water content within 1 h of radicle emergence. The fitted lines of water uptake
curves were based on a linear logarithmic function [equation (1)]. The figure inserts show the relationship between seed mass
and final seed water content.
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germination process of the two species because the
heat production rate of seeds during germination
increases with temperature (Sigstad and Prado, 1999)
within the suboptimal temperature range. This

temperature is within the optimal temperature
range for winterfat seed germination (Wang et al.,
2004), and close to the 258C optimal temperature for
barley seeds (Briggs, 1992).

Figure 3. Heat production rate of dead (heat-killed at 1008C for 24 h) and viable seeds of winterfat and malting barley during the
early stage of imbibition at 22.58C, as expressed per unit whole seed mass (ADW). Data for malting barley were based on single-
seed samples, while those for winterfat were based on both single-seed samples and 10-seed samples. Solid lines were the
averages of all samples.

Table 2. Variations in heat production rate of winterfat and malting barley seeds among germination phases at 22.58C in
darkness. Values are means ^ SE (n). Heat production rate was based on a per whole seed mass for dry seeds and a per embryo
mass for others

Heat production rate
[mW (mg ADW)21]

Relative change in heat production rate
(% h21)

Seed type/Germination stage Winterfat Malting barley Winterfat Malting barley

Dry seed 0.03 ^ 0.01 (10) a* 20.01 ^ 0.00 (18) a – –
Before radicle emergence (dead)** – – 220.6 ^ 4.5 (10) a 217.2 ^ 0.5 (15) a
Before radicle emergence (viable)** – – 19.9 ^ 1.5 (10) a 217.8 ^ 0.3 (15) b
At radicle emergence 4.06 ^ 0.32 (23) b 8.98 ^ 0.44 (12) a – –
After radicle emergence*** – – 29.4 ^ 2.9 (23) b 58.4 ^ 5.5 (12) a

* Means with the same letter within a row and parameter are not significantly different between species at P # 0.05.
** 1.5–4 h imbibition for winterfat and 1.5–6 h for malting barley. Relative change in rate was calculated using (Rq2 2

Rq1)/Rq1/T £ 100, where Twas the time duration in hours, Rq2 was the heat production rate at the end of the period and Rq1 was
the initial heat production rate of the period.
*** 0–5 h after radicle emergence. Relative change in rate was calculated using the same equation as in **.
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For the comparison between dead and viable seeds
during the early stages of imbibition, total heat
production rate per seed of winterfat is near zero
and variations due to baseline reproducibility of the
calorimeter were encountered. Decreasing the calori-
meter detection limit by use of a different type of
calorimeter is possible (Hansen, 1996), but only at
the expense of longer equilibration times and loss of
the convenience offered by the particular design of the
MC-DSC 4100 calorimeter (Criddle and Hansen,
1999). Therefore, the use of several seeds per sample
may be unavoidable for some species with small seed
mass or low heat production rates.

Water uptake curves of both species exhibited a
rapid initial increase in seed water content followed
by a gradual increase, as described by the logarithmic
model. However, the ‘lag phase’ typical of Phase II
was not apparent, and ungerminated seeds continued
to increase in water content. The lack of a lag phase in
winterfat seeds was also reported in a previous study
when seeds of three collections were imbibed at four

temperatures (Bai et al., 1999). The embryo and the
seed have similar water uptake patterns in winterfat
(Wang, 2005). Barley is also a typical species without a
lag phase (Bewley and Black, 1978). There is no simple
explanation for the lack of a lag phase in the seed
water-uptake curve, but it is possible that O2 and
respiration are not restricted in such seeds during
imbibition, and this species has rapid metabolism,
enabling it to germinate rapidly. For both winterfat
and malting barley, embryos hydrate before endo-
sperm, as evidenced by nuclear magnetic resonance
(NMR) studies (Gruwel et al., 2002; Wang, 2005).
Viable seeds could not be easily separated from non-
viable seeds based on water uptake alone, even
though embryos of non-viable barley seeds hydrate
faster than those of viable seeds (Gruwel et al., 2002).
Changes in heat production rate of viable winterfat
seeds during the early stage of imbibition clearly
distinguished the phase of rapidly increasing metab-
olism and the phase of stable metabolism. Changes in
heat production rate of malting barley seeds distin-
guished the phase of rapid hydration from a phase of
stable hydration. Neither process is correlated with

Figure 4. Heat production rate of winterfat and malting
barley seeds during radicle emergence at 22.58C, as
expressed per embryo mass (ADW). Seeds were imbibed at
22.58C in a growth chamber for 8 h before being transferred
into calorimeters. The time of radicle emergence (the end of
Phase II) was defined as 0 h.

Figure 5. Heat production rate of single, excised embryos of
winterfat and malting barley at 22.58C, as expressed per
embryo mass (DW).
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changes in seed water content. Therefore, the
traditional tri-phase characterization of the germina-
tion process needs to include parameters other than
seed water content for species such as winterfat and
malting barley, which do not exhibit a distinct Phase 2
lag in water uptake.

The pattern of seed metabolic activities during
seed germination can be correlated with O2

consumption (Bewley and Black, 1994), heat evol-
ution and CO2 production (Sigstad and Schabes,
2000; Edelstein et al., 2001). The heat evolution rate
due to metabolism is interpretable as a measurement
of overall metabolic rate, and has advantages over
biomass measurement, O2 uptake and CO2 release
rate for the determination of metabolic rate (Criddle
et al., 1988). Sigstad and Prado (1999) obtained the
heat production rate due to metabolism by subtract-
ing heat production rate due to imbibition [using
potassium cyanide (KCN)-treated seeds] from total
heat production rate. An alternative method was
used in the present study, in which the heat
production rates of viable and dead seeds were
compared, and an interaction between seed structure
and heat production rate was found.

The heat production rate of both dead and viable
malting barley seeds decreased rapidly for the first 6 h
of imbibition, and the patterns were similar. This
suggests that, due to a high starch content, heat
production associated with hydration during the early
stages of imbibition accounts for nearly all of the heat
production rate. The pattern of heat production rate
for winterfat seeds was different between dead and
viable seeds. A relatively constant, low heat pro-
duction rate was found in dead seeds, while an
increasing heat production rate for the first 4 h of
imbibition was found in viable seeds. Heat production
due to hydration is minimal during imbibition in
winterfat because of its high embryo:seed ratio (0.74)
and small portion of endosperm. The total heat
production rate is mainly due to embryo metabolism.
Winterfat seeds have more soluble and lower
molecular weight carbohydrate reserves than barley
seeds (Wang, 2005). The greater heat production rate
from hydration of malting barley endosperm is
consistent with hydration of polymer molecules,
which varies with molecular structure (Bogracheva
et al., 2002). Differences in seed structure and
composition between winterfat and malting barley
seeds thus explain not only the different patterns in
heat production rate during seed imbibition between
the two species, but also the similar patterns between
dead and viable barley seeds.

The rate of heat production per mg embryo at the
end of Phase II, before radicle emergence, for malting
barley was almost twice as high as for winterfat in
intact seeds. The higher heat production rate does not
exclusively represent a higher metabolic activity in

malting barley than in winterfat, because the
continuous hydration of the endosperm of malting
barley seeds at this stage also releases heat. After
radicle emergence in Phase III, the relative rate of
change of heat production of malting barley was also
twice that of winterfat. This was confirmed by the
measurements of excised embryos, indicating that
malting barley seedlings are more metabolically active
than winterfat seedlings. The pattern of heat pro-
duction rate was similar between intact winterfat
seeds and excised embryos, indicating that embryos
were not oxygen-limited prior to emergence from the
seeds. The structure of winterfat seeds, with an
embryo surrounding the endosperm, probably per-
mits faster gas exchange between the embryo and the
environment than in malting barley seeds. The fact
that excised malting barley embryos took less time to
emerge than in intact seeds indicates that the covering
tissues delay radicle emergence in intact seeds,
possibly due to oxygen limitation to embryos within
intact barley seeds.
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