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Abstract: An obvious relationship between germination sensu stricto and seedling development
during post-germination has been considered, but not explained concerning vigor. Taking this into
account, we used measurements of water dynamics in germinating seeds and seedling development
to clarify that relationship. The biological model was soybean seeds, since it is the most relevant
‘true seed’ produced around world. Our findings suggest that the way energy is used (acceleration)
and not its input (velocity) is the main aspect relating seed germination and seedling development,
especially when considering vigor. However, velocity and acceleration can be complementary in
analyses of seed physiology. Other measurements proposed here also have potential uses for testing
vigor in seed lots, such as seedling vigor index and biological activity in the lot. Therefore, water
dynamics in germinating seeds can be an interesting way for testing seed lots, because it is an easier,
faster and cheaper method in relation to other non-destructive procedures.

Keywords: acceleration; imbibition; biological activity; indexes; germination measurements; seed
physiology; soybean; velocity

1. Introduction

Vigor is a functional trait acquired in the last stages of seed maturation and is responsi-
ble for seed resilience. In this sense, it is expected that vigorous seeds should possess more
capacity to produce early seedlings [1]. This in turn reduces the possibility of their suffering
with inter- and intra-specific competition during early plant development. Because of that,
this idea has been explored by basic and technical science to predict the behavior of seed
germination and plant establishment in field conditions.

Even though the impact on cultivation caused by seed vigor differs among species,
depending on specific production practices [2,3], considerable reductions in yield might
be expected when non-viguorous seeds are sown. As an example, over the past few
decades, there have been reports indicating reductions of up to 50% in yield components
of soybean due to the use of non-vigorous seeds [4,5]. This justifies continuous research
to provide practical, rapid and simple ways of predicting seed-lot vigor. By the way, not
surprisingly, most information on seed-lot vigor is based on early plant development,
especially on seedling development, which is the basis of national and international seed
trade [6,7]. However, details about interactions between germination sensu stricto [1 sense]
and seedling vigor (immediate post-germination) still have to be clarified. Thus, we asked:
what is the relationship between germination sensu stricto and seedling development of
commercial lots? The answer can not only be used to promote a new and rapid test of
seed vigor, but can also be a bridge between seed physiology and seed technology. Recent
studies consider this bridge to be water dynamics in germinating seeds [2,8,9].

Plants 2021, 10, 2151. https://doi.org/10.3390/plants10102151 https://www.mdpi.com/journal/plants

https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-1017-4154
https://orcid.org/0000-0002-1030-1144
https://orcid.org/0000-0001-6454-1488
https://doi.org/10.3390/plants10102151
https://doi.org/10.3390/plants10102151
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/plants10102151
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants10102151?type=check_update&version=1


Plants 2021, 10, 2151 2 of 14

Water dynamics in germinating seeds has been used as a trivial laboratory test, which
is incorrectly called imbibition test [9]. However, studies focusing on this relation dating
back to the early 1980s demonstrate that the entrance and exit of water in a live cell is an
important physiological trait of germination sensu stricto because of the integration with
biophysical and/or biochemical processes [10–14]. In this occasion, although some authors
explored the kinetic idea for water influx in germinating seeds, vigor in germination sensu
stricto was poorly explored [12]. In previous years, a physiological sense was offered
to define seed vigor, by considering it a characteristic related to the embryo’s ability to
perform the germination process in a coordinated and sequential way [2]. In this sense,
new tests of water dynamics in germinating seeds were based on infrared and/or magnetic
resonance [15–19]. These tests are useful, but still expensive and therefore not always
possible to be used routinely in seed testing. To make use of the phenomena in an easy
and practical way, water dynamics measurements were proposed [9,20]. More specifically,
velocity and acceleration were proposed as a tool to investigate germination sensu stricto
in the seed-seedling transition [21]. Velocity is a functional trait for metabolism since it
describes the variation of mass over germination time, whereas acceleration measures the
variation of velocity. However, no study has been done to understand the relationship
between measurements of water dynamics in germinating seeds and seedling development
in immediate post-germination. Thus, our hypothesis is that velocity and/or acceleration
of water dynamics in germinating seeds can be a biomarker of vigor, improving the
knowledge about how this influences the seedling development of a commercial lot. We
also expand on how measurements of water dynamics can be used in a physiological sense.

2. Material and Methods
2.1. Biological Model

Soybean was used as a biological model in this paper, since (i) the species is the
world’s largest source of animal protein feed and the second largest source of vegetable
oil [22], being the number one ‘true seed’ in cultivated areas of the world (only maize,
wheat and rice, which have caryopses, are more cultivated); (ii) it is the agricultural product
with the highest commercial growth rate in world [23]; and (iii) it has classical reports
related to water dynamics in germinating seeds [13,14]. Soybean is also one of the most
important genetically engineered (GE) crops, the main type of cultivation in traditional
grain producers as the United States, Argentina and Brazil [24]. Taking this into account,
seeds of NA5909RR cultivar transgenic soybean (Glycine max L.) were used, with an initial
moisture content of 11%. The cultivar is one of the most cultivated in Brazil because of its
high adaptability in diverse edafic-climatic conditions.

A seed private company provided the seed lots (produced according to cultivation
and harvesting procedures defined by the protocol of the donor) without any chemical
treatment. These seeds were produced in the 2013–2014 Brazilian crop season. At first,
we made a screening of 15 lots. The physiological quality of the lots was evaluated in
pre-testing, quantifying germinability, viability and germination initial time. From this,
we defined three samples (with low, intermediate and high quality). The designations
low, intermediate and high follow the ones proposed by Ribeiro–OliveiraandRanal [9,25],
who defined them based on viability and germination measurements. Samples composed
by seeds with viability (V) and germinability (G) higher than 90% were considered high-
quality, whereas V ≤ 60% and G ≤ 50% were considered low-quality. The seeds with
intermediate quality had intermediate values for both characteristics. This also allowed
us to comply with the International Seed Testing Association (ISTA) methods for seed-
testing validation [26]. The ISTA, based on ISO5725-2 [27], determines that any method of
germination analysis can only be validated when using samples with different physiological
standards. We highlight that these inferior boundaries are not considered a seed sample in
a seed technology context, but they are important for plant breeders and seed physiologists
who study samples of lineages and/or other plant species with germinability and viability
below the soybean-seed trade standards.
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2.2. Water Dynamics in Germinating Seeds

Seeds were sowed in germination boxes (plastic boxes) over paper soaked with dis-
tilled water (volume in mL equivalent to six times the mass of the paper in g) and then
placed on a laboratory bench at 25.3 ± 1.5 ◦C under white fluorescent light
(11.29 ± 2.84 µmol m−2 s−1 Photosynthetic Photon Flux Density—PPFD). The initial water
volume (lost either by experimental manipulation or possible evaporation) was maintained
by adding 1 mL (defined in pre-testing) of distilled water in the germination box after each
mass recording. These seeds (n = 50; more than sufficient sample size for this test according
to 9) were individually weighed on a digital scale (at 0.0001 g precision) every hour until
2 h after embryo protrusion (root or cotyledon emergence). The germination boxes were
opened just for the mass recording of the seed individual, assuring the germination boxes
would have characteristics similar to a humidity chamber (high vapor pressure). The water
dynamics in germinating seeds was measured by means of this recording of mass over
time. As this is associated with germination sensu stricto, measurements of water dynamics
in germinating seeds are functional traits related to the embryo.

Modelling the Water Dynamics in Germinating Seeds

For modelling the water dynamics in germinating soybean seeds, we used the al-
gorithm proposed by Ribeiro-Oliveira et al. [21]. Therefore, the weighted mass of the
water dynamics in germinating seeds was obtained from mass data collected over time
and weighted by initial mass (hydroscopic equilibrium). Raw data of mass were used to
calculate the coefficient of initial diffusion, which is a function of the water diffusion ratio
by the seed radius (D/ρ2; n = 50). This ratio was used focusing on a practical sense, since
we used seeds with similar dimensions (Φ = 6.9 ± 0.3; mean ± standard error) for each
sample. We parameterized D/ρ2 since errors from approximations from seed shapes are
partially compensated [28]. We used the diffusion coefficient per unit area as an initial
diffusion coefficient because it makes the parameter comparable for species or samples
with different seed sizes. We also used the bootstrap method with 1000 re-samplings, since
values generated above this number are similar according to the convergence test, as an
assumption to calculate weighted mass and, then, means of velocity and acceleration. To
calculate these confidence intervals, the Algorithm AS 214 for Fortran was used [29], which
is recommended to perform the Monte Carlo Confidence Intervals. The central point of
these measurements and the base of the quantitative treatment is m, the water mass over
time. The tabulated values of the normalized mass m(t) were obtained from total mass
M(t) divided by initial (dry) seed mass (M0).

The first step in the numerical calculation is the interpolation of m(t) by cubic
splines [30], and as the main characteristic of this method is the interpolated function,
its first and second derivatives are continuous. The result is a smooth function that can
be used to study metabolic changes as a function of time. For details see Ribeiro-Oliveira
et al. [21].

Velocity is expressed as

v =
dm
dt

(1)

and acceleration in our analyses will be

a =
d2m
dt2 (2)

Within the interpolation scheme, it is simple to integrate the data from Equations (1)
and (2), and calculate the average values vm and am for velocity and acceleration, respec-
tively. It is worthwhile mentioning that velocity is associated to the flux of water from the
outside to the inside of the seed. The time average am of a parameter a(t) is defined by

am =
1
τ

∫ τ

0
a(t)dt (3)
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where τ is the last time tabulated for each sample. The definition (3) is also used to calculate
vm.

The diffusion ratio coefficient defined by D/ρ2 and the saturation mass M∞ were
fitted for a series solution of the Fick differential equation for a spherical model of the seed
through the expression (4)

M(t)
M∞

= 1− 6
π2

∞

∑
n=1

1
n2 exp

(
−Dn2π2t/ρ2

)
(4)

where M(t) is the total mass of the diaspore at a time t, D is the diffusion coefficient, ρ
is the radius of the seed, t is the time, n is the number of terms in the series. The best fit
in a sequence with different values defines the choice of n. The values of D/ρ2 and M∞
were obtained by a nonlinear fitting, using the Levenberg–Marquardt method [31]. These
parameters were fitted using only data from the first hours of the experiment, limiting
them to the purely imbibition phase, just before the presence of water trigger biochemical
processes in the seed. M(t) in the Equation (4) is the total mass, to account for the boundary
conditions imposed by the Equation correctly (4).

2.3. Seed Germination Assays

We maintained the seeds used in the water dynamics assessment for 48 h in the same
experimental conditions to analyze them in relation to germinability (G; percentage of
germination) and viability (V). Viability was calculated using the proportion of viable seeds
(evaluated by means of 2,3,5-triphenyl-2H-tetrazolium chloride solution—TTC) in relation
to the total seeds analyzed [32].

From the data of germinability and viability, we calculated Biological Activity (A) in
the sample. A is a measurement classically used as an analogous to the equation relating
the thermodynamic activity of a solute to its concentration via an activity coefficient [33].
The activity is related to the capacity of a biological system to manage chemical processes
(endogen and exogen), which is similar to the idea of seed germination in a sample. For that,
the expression considers the amount-of-substance concentration or, in this case, proportion
of germinated seeds (c) and a parameter designated as inherent activity, i.e., here, the
proportion of viable seeds in the sample (f ). We are transposing this concept to seed science
by using an adaptation in the algebraic expression (5):

A = G V 100 (5)

2.4. Seedling Development Assays

The seedling development assays were performed in germination chamber from a
completely randomized design (CRD). The chamber was configured under continuous
white fluorescent light (15.79 ± 3.70 µmol m−2 s−1 PPFD) at 25.0 ± 2.7 ◦C. We performed
the sowing in layers of germination paper moistened with distilled water in the proportion
of 2.5 times the dry mass of the paper in milliliters [32]. We used a sample (n) with 200 seeds
(n = 200). The seedlings were observed and classified on the eighth day after sowing [32].
They were classified as normal seedlings, damaged and deteriorated abnormal seedlings,
and dead or dormant seeds [32].

The seedling development protocol was also the basis for the experimental design
of the accelerated ageing test (AA), one of the most used seed vigor tests in the world for
several species [34], which is recommended for soybean seed testing [35]. We used this
test to determine seedling vigor in place of other classical measurements, such as relative
growth rate, because our interest is to connect seed physiology to seed technology. Thus,
for the AA test, the seeds were exposed to non-optimum relative humidity and temperature
{41 ◦C ± 0.3 ◦C and ~95% humidity for 72 h ± 15 min, according to [35]} before sowing
in germination paper, to generate a stress condition for the embryo. On the fifth day after
sowing, the number of normal seedlings was determined, and their percentage in relation
to the number of seeds sowed was expressed as the test result.
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In addition to the AA test, seedling vigor was examined by means of two other
characteristics, seedling vigor index (SVI) and seed-seedling transition yield index (SSYI).
Both indexes are based on the ability of a seed to produce a normal seedling. The SVI is
based on the vigor index proposed by [36] and modified by [37]. The authors also used
the AA and seedling emergence results to define a measurement for seedling vigor of
soybean seeds. However, as our purpose was to analyze how germination sensu stricto
is correlated to seedling vigor, we performed an adaptation, since it is only possible to
correlate characteristics obtained in similar experimental conditions [38]. Taking this
into account, we adapted the vigor index to seedling vigor index by using the algebraic
expression (6):

SVI =
AA
NS

100 (6)

where: SVI is the seedling vigor index, expressed in percentage, NS is the proportion of
normal seedlings developed from non-stressed seeds, and AA is the proportion of normal
seedlings developed from stressed seeds exposed to the accelerated ageing test. By taking
only normal seedlings from each condition into account [39], the measurement can be more
interesting to predict the seedling vigor in a sensu stricto view. Apart from that, we used a
simple index based on the yield idea to observe how many seeds in the sample were able
to develop a normal seedling. For that, we used the following algebraic expression (7):

SSYI =
NS
G

100 (7)

where SSYI is the seed-seedling transition yield index, expressed in percentage, NS is the
percentage of normal seedlings developed from non-stressed seeds and in an optimum ex-
perimental condition, and G is the germinability of the sample in an optimum experimental
condition.

2.5. Statistical Analysis

For water dynamics in germinating seeds, confidence intervals at 0.05 significance
were calculated for the mean values by means of Algorithm AS 214 for Fortran [30], which is
recommended to perform the Monte Carlo Confidence Intervals. Overlapping confidence
intervals indicate non-significant differences [32]. For seed germination and seedling
measurements, we adopted the Binomial distribution with logit function (from glm2
package in R project; https://cran.r-project.org/, accessed on 7 September 2021); every
zero value was observed. Means comparisons were performed using the Tukey test and by
using confidence intervals calculated by the Šidák correction to reduce the familywise error
rate–FWER [40]. In these cases, we also used at 0.05 significance (α = 0.05). In addition,
we calculated the Pearson linear correlation between the water dynamics in germinating
seeds, seed germination (embryo protrusion), seed viability and post-germination (seedling
development) measurements by using the residuals to standardize the effect of samples, as
was recommended by [38]. The r values were tested by the Student t test at 0.01 significance
(α = 0.01), and only characteristics with differences were used to build a heatmap from
script defined by [41]. The adjectives to describe the magnitude of the correlations were
proposed by [42], where the values from r = 0.01 to 0.09 are negligible correlations, r = 0.10
to 0.29 are low, r = 0.30 to 0.49 are moderate, r = 0.50 to 0.69 are substantial, r = 0.70 to 0.99
are very high, and r = 1.0 is the perfect correlation.

3. Results

The water dynamics in germinating seeds of the three samples based on weighted
mass over time (germination sensu stricto) were shown to be similar (Figure 1). The seed
samples had three behaviors in relation to germinability and viability (Table 1), ratifying
the pre-testing. These behaviors were also observed regarding the capacity of seed-seedling
transition (Table 1), being the sample previously categorized as high physiological quality
with a high ability to produce normal seedlings (NS = 98.00%). All seeds germinated in this

https://cran.r-project.org/
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sample developed a normal seedling, reaching 100% in the seed-seedling transition yield
index (SSYI). In addition, the high-quality seed sample, with 99.94% of biological activity
(A; Table 1), developed lower abnormal seedlings and dead seeds in the sample, both at
about 1% (Table 1). These values were coherent with the high resilience of seeds of the
sample, developing 94% normal seedlings after accelerated ageing (Table 1). Besides seed
resilience, the sample also demonstrated a high capacity to develop vigorous seedlings
(SVI = 95.92%).
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Figure 1. Water dynamics in germinating seeds of soybean based on weighted mass over time. Physiological quality
describes viability (V) and germinability (G) in the sample from pre-testing: High physiological quality is related to a seed
sample with viability (V) and germinability (G) higher than 90%, intermediate physiological quality is a seed sample with
61% ≤ V ≤ 89%9 and 51% ≤ G ≤ 89%, and low physiological quality is a seed sample with V ≤ 60% and G ≤ 50%. The
solid line (red, green and blue) shows the mean value, and the gray area delimits the lower and upper confidence intervals
from 1000 Monte Carlo simulations at 0.05. The embryo protrusion in at least one sample occurred 2 h before the last
recording. n = 50 diaspores.

The lower the physiological seed quality in a sample, the lower the biological activity
(Table 1). This led to 24% and 48% normal seedlings developed from seeds of low- and
intermediate-quality samples, respectively (Table 1). Seeds that failed to germinate were
more relevant to physiological designations than seedling growth, since although the
number of abnormal seedlings was similar between low (AS = 25%) and intermediate
(AS = 27%) physiological samples, the number of dead seeds in a low-quality sample was
approximately twice as large when compared to an intermediate quality sample (Table 1).
Although seed resilience to non-optimum relative humidity and temperature is lower in
low-physiological seeds (AA = 16%) than in intermediate-physiological seeds (AA = 34%),
the seedlings developed from these seeds had a similar vigor to those originated from
seeds of intermediate quality (77.27% ≤ seedling vigor index ≤ 80.00%).
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Table 1. Seed-seedling transition measurements in soybean (Glycine max L.).

Seed-Seedling
Transition Step Seed Sample D/ρ2(h−1) vm (g H2O h−1) am (g H2O h−2)

Germination sensu
stricto

Low physiological quality 0.0014 0.055 (0.0279; 0.0822) −0.0184 (−0.0391; 0.0298)
Intermediate physiological quality 0.0018 0.058 (0.0278; 0.0882) −0.0182 (−0.0468; 0.0105)

High physiological quality 0.0016 0.055 (0.0355; 0.0074) −0.0164 (−0.0310; −0.0019)

Embryo protrusion

G (%) V (%) A (%)

Low physiological quality 28.00 ± 3.8 c 48.00 ± 4.2 c 26.36 ± 0.36 c
Intermediate physiological quality 54.00 ± 4.2 b 62.00 ± 4.1 b 65.66 ± 0.39 b

High physiological quality 98.00 ± 1.2 a 98.00 ± 1.2 a 99.94 ± 0.02 a

Post-germination
(seedling development)

NS (%) AS (%) DS (%) AA (%) SVI (%) SSYI (%)

Low physiological quality 24.00 ± 3.4 c 25.00 ± 0.008 b 51.00 ± 0.008 c 16.00 ± 3.7 c 80.00 ± 3.6 b 71.43 ± 3.81 c
Intermediate physiological quality 48.00 ± 4.0 b 27.00 ± 3.61 b 23.00 ± 3.66 b 34.00 ± 4.0 b 77.27 ± 3.4 b 81.48 ± 3.29 b

High physiological quality 98.00 ± 1.0 a 1.00 ± 3.7 a 1.00 ± 4.21 a 94.00 ± 2.0 a 95.92 ± 1.7 a 100.00 ± 0.01 a

Physiological quality describes viability (V) and germinability (G) in the sample from pre-testing: High physiological quality is related to a seed sample with viability (V) and germinability (G) higher than
90%, intermediate physiological quality is a seed sample with 61% ≤ V ≤ 89% and 51% ≤ G ≤ 89%, and low physiological quality is a seed sample with V ≤ 60% and G ≤ 50%. A: biological activity in the
sample; D/ρ2: Initial diffusion coefficient of water dynamics in germinating seeds; vm: mean velocity of water dynamics in germinating seeds; am: mean acceleration of water dynamics in germinating seeds;
NS: percentage of normal seedlings; AS: percentage of abnormal seedlings; DS: dead seeds; AA: percentage of normal seedlings after accelerated ageing test; SVI: Seedling vigor index; SSYI: seed-seedling
transition yield index. D/ρ2 is a parameter of Fick’s Second Law from a data set to perfect fitting and, hence, without statistical dispersion measurements; only absolute values. The values of germination
sensu stricto measurements represent the mean (lower confidence interval; upper confidence interval) obtained from 1000 Monte Carlo simulations at 0.05. For each measurement of embryo protrusion and/or
post-germination measurements, means and confidence intervals of the Šidák method followed by different letters are significantly different (p < 0.05) as compared using a Tukey test.
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No sample had seeds with physical dormancy [42] (0% of hard seeds), enabling prac-
tical inferences about germination sensu stricto from measurements of water dynamics
in germinating seeds (Table 1). As detected by the accelerated ageing test, the initial dif-
fusion coefficient also demonstrated three distinct behaviors of seeds from the samples
(Table 1). The higher initial diffusion coefficient (D/ρ2 = 0.0014 h−1) of water in germinat-
ing seeds of soybean was observed in those from the intermediate physiological quality
sample (D/ρ2 = 0.0018 h−1). These seeds also had the highest values of mean velocity
(vm = 0.058 g H2O h−1) of water dynamics during germination sensu stricto (Table 1). On
the other hand, the highest values of mean acceleration of water dynamics were obtained
for seeds from the high-quality sample (am = −0.0164 g H2O g−2; Table 1).

The early steps of germination sensu stricto affected the velocity positively and lin-
early as the germination occurred, but they did not impact acceleration (Figure 2). This
was proved by the perfect [43] linear correlation to the initial diffusion coefficient and
mean velocity of water dynamics in germinating seeds, and moderate linear correlation to
former measurements and mean acceleration (Figure 2). From these measurements, only
mean acceleration had a positive, linear and substantial correlation to seedling develop-
ment (post-germination), observed by correlations among seed germinability, viability
and normal seedlings developed. In addition, mean acceleration of water dynamics in
germinating seeds had a positive and substantial linear correlation to the seedling vigor
index, SSYI, and A; whereas, mean acceleration was substantially negatively correlated to
abnormal seedlings developed and the number of dead seeds in a sample (Figure 2). This
demonstrates that mean acceleration is associated to both embryo and seedling vigor. By
the way, germinability, viability, biological activity, normal seedlings developed; seedling
vigor index and SSYI had substantial positive linear correlation among themselves; and
there was a substantial negative correlation to abnormal seedlings development and dead
seeds (Figure 2). What draws our attention, on the one hand, is the low and negative linear
correlation between mean velocity and the seedling vigor index as well as between initial
diffusion coefficient and dead seeds; on the other hand, it is also interesting to note the low
and positive linear correlation between mean velocity and abnormal seedlings developed.
The seedling vigor index also had a negligible negative linear correlation to dead seeds,
whereas the initial diffusion coefficient had a negligible positive linear correlation to all
measurements related to protrusion (germinability, viability and biological activity), nor-
mal seedlings (from seeds exposed or not to stress) and SSYI (Figure 2). These results not
only demonstrate that the initial diffusion coefficient is an interesting measurement to infer
germination, but they also mean that velocity and mean acceleration of water dynamics in
germinating seeds are complementary to analyses about seed physiology and immediate
post-germination.
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Figure 2. Correlation matrix heatmap based on pair-wise Pearson correlation coefficients (rank correlation; p ≤ 0.01) for
germination sensu stricto and post-germination (seedling development) measurements of soybean seeds. Initial diffusion
coefficient: D/ρ2, h−1; mean velocity: vm, g H2O h−1; mean acceleration: am, g H2O h−2; G: germinability (%); V: viability
(%); A: Biological Activity in the sample (%); NS: Normal seedlings (%); AS: Abnormal seedlings (%); DS: dead seeds
(%); AA: percentage of normal seedlings after accelerate ageing test; Vigor index: SVI = Seedling vigor index (%); SSYI:
seed-seedling transition yield index (%).

4. Discussion

Our findings demonstrate that although germination sensu stricto and seedling vigor
related to post-germination do not always have the same contribution to seedling develop-
ment, there are traits of water dynamics in germinating seeds capable of building a bridge
between them. Specifically, the mean acceleration of water dynamics in germinating seeds
is a measurement related to both germination sensu stricto and post-germination, including
the development of vigorous normal seedlings. For the first time, we prove the relevance of
acceleration in seed germination for seed-seedling transition. Up to now, only velocity has
been considered as an important aspect for this transition. However, with a new model for
the germination process, based on biophysics measurements and with robustness to predict
metabolism, we amplify the concept around the seed-seedling transition in a context of
energy management by means of acceleration.

Other methods have been established as a bridge between germination sensu stricto and
seedling development, such as biospeckle in coffee seeds [44]. The fact is: as the transition
zone hypocotyl-radicle elongates during germination sensu stricto [45,46], correlations
between a biophysical signal and cell elongation demonstrate that it is possible to make
inferences of seedling development from a germinating seed [44]. What we offer here is a
safer and cheaper way to do it, by using parameters from water dynamics in germinating
seeds from a simple mass measurement over time. These measurements were recently
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proposed by our group to demonstrate phases of germination and post-germination, as well
as to prove that the ‘three-phase germination model’ is not a standard, but an exception [21].

Mean acceleration and mean velocity were applied here by means of knowledge
from biophysics. According to our assumption, better functioning and metabolism during
germination is accompanied by greater velocity and acceleration. This relationship is
expected because velocity is directly associated with water flux and, consequently, is
a measurement of the variation of both diffusion (especially during imbibition per se,
respecting Fick’s law) and catabolism and anabolism [21]. In addition, acceleration is a
rate of velocity change and, therefore, could reflect metabolism more accurately. Here, our
assumption is validated for the seed-seedling transition since the mean acceleration was
highly and positively correlated to seedling vigor.

Biological activity is a principle of pharmacology in which the greater the presence
of an active principle in a living system, the more biological activity it has [33,47,48]. This
activity is mainly dependent on the uptake, distribution and metabolism of energy by the
living system. It is important to note that metabolism is defined by velocity and acceleration.
Velocity is considered an energy input measurement, whereas acceleration is an energy use
measurement [21]. This is naturally related to chemical kinetics, but needs to be considered
in more complex models such as that defined by Onsager [49]. In seed science, only mean
velocity has been used [50], and it was recently considered a species-specific trait [51].
This is coherent with our findings, since only intermediate-quality seeds demonstrated
a different mean velocity. This sample was obtained by applying thermal stress to seeds
in anhydrobiosis. Stress conditions have the potential to repress species-specific traits
because of selective pressure, leading to a possible segregation in the population [52–54]. In
addition, it is expected that extreme differences in physiological quality of seeds of the same
sample will promote, on the one hand, faster and non-controlled water dynamics, and, on
the other hand, slower and controlled water dynamics in germinating seeds [2,4,55]. This
can be considered a limitation for using mean velocity. However, when we overlapped it
with acceleration, this limitation was overcome. By inferring energy use, mean acceleration
is expected to be more related to embryo vigor than to mean velocity. Because of that, low-
and intermediate-physiological quality seeds possess similar mean acceleration, which
is lower than in high-quality seeds. The low- and intermediate-physiological quality
samples had a similar seedling vigor index since the seedlings from the sample had
similar development. However, the intermediate-physiological quality seeds had a greater
ability to transit from seed to seedling than low-quality ones because they possessed more
biological activity. This was corroborated by the correlation analysis, and it also explains
why the intermediate-physiological quality sample had more resilience to the accelerated
ageing test than the low-quality sample.

As might be expected [56], low- and intermediate-physiological quality seeds stand
out in imbibition per se due to high intraspecific variability (see parameters and confidence
intervals in Table 1). That occurred with soybean seeds, which have a slightly thick tegu-
ment and a protein reserve, due to peculiarities in membrane rehydration and high affinity
of protein to water. As low-quality seeds have high cellular unviability (low viability), there
is a failure in membrane selectivity, which controls water influx and inner cell maintenance,
especially in the imbibition phase [55,57], making the initial diffusion in low-quality seeds
faster than in high-quality seeds. In intermediate-quality seeds, membrane control occurs,
but not as efficiently as in high-quality seeds, increasing intraspecific differences observed
by CI and velocity of imbibition. Due to that, the initial diffusion coefficient is correlated
to metabolic (mean velocity and mean acceleration) and physiological (germinability, vi-
ability and biological activity) measurements of embryo protrusion and, therefore, can
infer seedling vigor. This also demonstrates that the initial diffusion coefficient must be
able to infer physical and physiological quality in a seed sample, especially soybean. After
all, the more damaged a tegument is, the lower the membrane control is in the imbibition
process [9,10,14,19]. However, this can be studied in the future by using a more adequate
experimental design.
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The explanation about the supposed incoherence between SSYI and the seedling vigor
index is algebraic and physiological. In the algebraic sense, SSYI is a simple index of
yield, based only on the quantity of germinated seeds that grow and get normal seedling
status, whereas the seedling vigor index is based on the number of normal seedlings
developed from stressed and non-stressed seeds, in this case simulated by the ageing
acceleration test. In all cases, SSYI and the seedling vigor index are measurements defined
from viable seeds, whereas the results of AA consider both viable and non-viable seeds
in its calculation. Therefore, SSYI and seedling vigor index are weighted characteristics,
which enable inferences on seedling vigor sensu stricto. Contrary to this, AA offers an
estimative on seed sample vigor based on the resilience behavior of seeds in non-optimum
humidity and temperature [6,28,54]. This is more objective by considering the physiological
sense from the General Adaptation Syndrome of Hans (János) Selye [52,58]. From that,
stressed seeds have three stages before death. First, they recognize the environmental
cues as ‘priming’ (alarm phase). If the stress persists, the seeds trigger molecular defenses
based on species-specific adjustments, which can lead to resilience (resistance phase) or
a degradation of biological functions (exhaustion phase). A consequence is an increase
of abnormal seedlings and/or dead seeds, which is expected as one of the last events in
seed deterioration (both natural and artificial) [52]. This occurred here and made seedlings
that developed from the low-quality sample have similar vigor to the ones developed
from the intermediate-quality sample. This led to a similar ability in germinated seeds to
transition to seedling in both samples, but with differences in quality of the samples when
considering the number of seeds in each one.

Several authors have been trying to establish a relationship between functional traits of
germination sensu stricto and post-germination [8,18,59], but few got representative results
about seedling vigor [2,44,45]. Nowadays, magnetic resonance has built a bridge between
those two phenomena [15–17,19] but this technique is both expensive and specialized,
requiring an advanced laboratory. Here, we are presenting not only relations between these
steps, but also demonstrating that water dynamics is associated with both embryo vigor and
seedling vigor. This can be useful to predict vigor in seed samples in routine and academic
laboratories in an easier, cheaper and more practical way in the near future. For example,
image analyses can be useful (such as those based on ImageJ®; https://imagej.nih.gov/ij/,
accessed on 7 September 2021). Several software applications have been presented to
the seed industry that can be updated for analysis of germination sensu stricto to predict
seedling vigor. Taking this into account, this paper can serve as a guideline. In any case,
other studies must be designed, especially for other species with dormant seeds. In the end,
the findings suggest that embryo vigor can influence seedling vigor and, therefore, seed
sample vigor, because the energy used by the embryo during germination sensu stricto is
fundamental to early plant development. This directly affects the resilience of a commercial
sample to stresses and, consequently, its ability to produce normal seedlings. It is important
to note that the kinetics of germination sensu stricto is not very representative of vigor,
which may come as a surprise to seed technologists. However, again, an addendum is that
in seed technology, the germination sensu stricto could be considerate secondary; for this
science, the kinetics observed are about seedling development, which can justify velocity
as an important aspect of vigor. Here, we are presenting a way of speeding the testing of
vigor seed for both seed physiologists and seed technologists, by associating both processes
of early plant development. In this sense, mean acceleration of the water dynamics in
germinating seeds can be an important measurement to demonstrate how germination
sensu stricto affects the seedling vigor positively.

Author Contributions: Conceptualization, J.P.R.-O.; methodology, J.P.R.-O.; software, J.P.R.-O. and
M.A.B.; validation, J.P.R.-O. and E.A.A.d.S.; formal analysis, J.P.R.-O., E.A.A.d.S. and M.A.B.; investi-
gation, J.P.R.-O.; resources, E.A.A.d.S.; data curation, J.P.R.-O.; writing—original draft preparation,
J.P.R.-O.; writing—review and editing, J.P.R.-O., E.A.A.d.S. and M.A.B.; visualization, J.P.R.-O.,
E.A.A.d.S. and M.A.B.; supervision, J.P.R.-O., E.A.A.d.S. and M.A.B.; project administration, J.P.R.-O.;

https://imagej.nih.gov/ij/


Plants 2021, 10, 2151 12 of 14

funding acquisition, E.A.A.d.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by São Paulo Research Foundation (FAPESP), grant number
2020/12405-9 (J.P.R.-O) and 2017/50211-9 (E.A.A.d.S.) and The APC was funded by FAPESP grant
number 2017/50211-9.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to founding restrictions.

Acknowledgments: We are grateful to the São Paulo Research Foundation (FAPESP; number grant
2017/50211-9); to the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES,
Financial code 001); to the São Paulo Research Foundation (FAPESP) for the support given to the first
author by means of grant 2020/12405-9; to the Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq) for the productivity fellowship to the E.A.A.d.S. (code 309718/2018-0); to
anonymous professors for criticism on the draft version of manuscript; to the Empresa Brasileira de
Pesquisa Agropecuária (EMBRAPA) and Qualiteste Análises Agronômicas for providing the seed
samples; to Roger Hutchings for suggestions and the English review of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bewley, J.D. Seed germination and dormancy. Plant Cell 1997, 9, 1055. [CrossRef]
2. Rajjou, L.; Duval, M.; Gallardo, K.; Catusse, J.; Bally, J.; Job, C.; Job, D. Seed germination and vigor. Annu. Rev. Plant Biol. 2012, 63,

507–533. [CrossRef]
3. Finch-Savage, W.E.; Bassel, G.W. Seed vigour and crop establishment: Extending performance beyond adaptation. J. Exp. Bot.

2016, 67, 567–591. [CrossRef] [PubMed]
4. Edje, O.T.; Burris, J.S. Effects of soybean seed vigor on field performance 1. Agron. J. 1971, 63, 536–538. [CrossRef]
5. Caverzan, A.; Giacomin, R.; Müller, M.; Biazus, C.; Lângaro, N.C.; Chavarria, G. How does seed vigor affect soybean yield

components? Agron. J. 2018, 110, 1318–1327. [CrossRef]
6. Elias, S.G.; Copeland, L.O.; McDonald, M.B.; Baalbaki, R.Z. Seed Testing: Principles and Practices; Michigan State University Press:

East Lansing, MI, USA, 2012.
7. ISTA. International Rules for Seed Testing. 2019. Available online: https://www.seedtest.org/en/international-rules-_content---

1--1083.html (accessed on 9 October 2021).
8. Penfield, S.; King, J. Towards a systems biology approach to understanding seed dormancy and germination. Proc. R. Soc. B Biol.

Sci. 2009, 276, 3561–3569. [CrossRef]
9. Ribeiro-Oliveira, J.P.; Ranal, M.A. Sample size and water dynamics on germinating diaspores: The first step for physiological and

molecular studies on the germination process. Plant Biosyst. Int. J. Deal. Asp. Plant Biol. 2017, 152, 840–847. [CrossRef]
10. Leopold, A.C. Volumetric components of seed imbibition. Plant Physiol. 1983, 73, 677–680. [CrossRef]
11. Vertucci, C.W.; Leopold, A.C. Dynamics of imbibition by soybean embryos. Plant Physiol. 1983, 72, 190–193. [CrossRef]
12. Vertucci, C.W. The kinetics of seed imbibition: Controlling factors and relevance to seedling vigor. In Seed Moisture. CSSA Special

Publication No. 14., 1st ed.; Stanwood, P.C., McDonald, M.B., Eds.; Crop Science Society of America Inc.: Madison, WI, USA, 1989;
pp. 93–115.

13. McDonald, M.B.; Vertucci, C.W.; Roos, E.E. Soybean seed imbibition: Water absorption by seed parts. Crop Sci. 1988, 28, 993–997.
[CrossRef]

14. Meyer, C.J.; Steudle, E.; Peterson, C.A. Patterns and kinetics of water uptake by soybean seeds. J. Exp. Bot. 2006, 58, 717–732.
[CrossRef] [PubMed]

15. Manz, B.; Müller, K.; Kucera, B.; Volke, F.; Leubner-Metzger, G. Water uptake and distribution in germinating tobacco seeds
investigated in vivo by nuclear magnetic resonance imaging. Plant Physiol. 2005, 138, 1538–1551. [CrossRef] [PubMed]

16. Kikuchi, K.; Koizumi, M.; Ishida, N.; Kano, H. Water uptake by dry beans observed by micro-magnetic resonance imaging. Ann.
Bot. 2006, 98, 545–553. [CrossRef] [PubMed]

17. Wojtyla, Ł.; Garnczarska, M.; Zalewski, T.; Bednarski, W.; Ratajczak, L.; Jurga, S. A comparative study of water distribution, free
radical production and activation of antioxidative metabolism in germinating pea seeds. J. Plant Physiol. 2006, 163, 1207–1220.
[CrossRef]

18. Munz, E.; Rolletschek, H.; Oeltze-Jafra, S.; Fuchs, J.; Gündel, A.; Neuberger, T.; Ortleb, S.; Jakob, P.M.; Borisjuk, L.; Oeltze-Jafra, S.
A functional imaging study of germinating oilseed rape seed. New Phytol. 2017, 216, 1181–1190. [CrossRef]

19. De Medeiros, A.D.; Pinheiro, D.T.; Xavier, W.A.; da Silva, L.J.; Dias, D.C.F.D.S. Quality classification of Jatropha curcas seeds
using radiographic images and machine learning. Ind. Crops Prod. 2020, 146, 112162. [CrossRef]

http://doi.org/10.1105/tpc.9.7.1055
http://doi.org/10.1146/annurev-arplant-042811-105550
http://doi.org/10.1093/jxb/erv490
http://www.ncbi.nlm.nih.gov/pubmed/26585226
http://doi.org/10.2134/agronj1971.00021962006300040006x
http://doi.org/10.2134/agronj2017.11.0670
https://www.seedtest.org/en/international-rules-_content---1--1083.html
https://www.seedtest.org/en/international-rules-_content---1--1083.html
http://doi.org/10.1098/rspb.2009.0592
http://doi.org/10.1080/11263504.2017.1353551
http://doi.org/10.1104/pp.73.3.677
http://doi.org/10.1104/pp.72.1.190
http://doi.org/10.2135/cropsci1988.0011183X002800060026x
http://doi.org/10.1093/jxb/erl244
http://www.ncbi.nlm.nih.gov/pubmed/17185739
http://doi.org/10.1104/pp.105.061663
http://www.ncbi.nlm.nih.gov/pubmed/15980194
http://doi.org/10.1093/aob/mcl145
http://www.ncbi.nlm.nih.gov/pubmed/16845137
http://doi.org/10.1016/j.jplph.2006.06.014
http://doi.org/10.1111/nph.14736
http://doi.org/10.1016/j.indcrop.2020.112162


Plants 2021, 10, 2151 13 of 14

20. Ribeiro-Oliveira, J.P. Dinâmica da Água em Diásporos de Espécies de Interesse Agrícola (Water Dynamics on Diaspores of Agricultural
Interest); Universidade Federal de Uberlândia: Uberlandia, Brazil, 2015.

21. Ribeiro-Oliveira, J.P.; Ranal, M.A.; Boselli, M.A. Water dynamics on germinating diaspores: Physiological perspectives from
biophysical measurements. Plant Phenom. 2020, 2020, 5196176. [CrossRef]

22. USDA. Oilseeds: World Markets and Trade. Circ. Ser. FOP 06-17. Glob. Oilseed Consum. Contin. to Grow Despite Slowing Trade Prod;
USDA: Washington, DC, USA, 2019.

23. UNAV. Soybeans: The Other Strategic Commodity of South America. 2019. Available online: https://www.unav.edu/web/
global-affairs/detalle/-/blogs/soybeans-the-other-strategic-commodity-of-south-america (accessed on 7 September 2021).

24. ISAAA. Global Status of Commercialized Biotech/GM Crops in 2018: Biotech Crops Continue to Help Meet the Challenges of Increased
Population and Climate Change; ISAAA Brief No. 54; ISAAA: Ithaca, NY, USA, 2018.

25. Ribeiro-Oliveira, J.P.; Ranal, M.A. Sample size in studies on the germination process. Botany 2016, 94, 103–115. [CrossRef]
26. ISTA. ISTA Method Validation for Seed Testing; ISTA: Bassersdorf, Switzerland, 2007.
27. ISO. ISO 5725-2. Accuracy (Trueness and Precision) of Measurement Methods and Results—Part 2: Basic Method for the Determination of

Repeatability and Reproducibility of a Standard Measurement Method, 1st ed.; ISO: Geneva, Switzerland, 1994.
28. Hirsch, M.W.; Smale, S.; Devaney, R.L. Differential Equations, Dynamical Systems, and an Introduction to Chaos; Academic Press:

Cambrigde, MA, USA, 2013.
29. Buckland, S.T. Algorithm AS 214: Calculation of Monte Carlo confidence intervals. J. R. Stat. Soc. Ser. C Appl. Stat. 1985, 34, 296.

[CrossRef]
30. Press, W.H.; Teukolsky, S.A.; Vetterling, W.T.; Flannery, B.P. Numerial Recips in Fortran; Cambridge University Press: Cambridge,

MA, USA, 1992.
31. Crank, J. The mathematics of diffusion. In The Mathematics of Diffusion, 2nd ed.; Oxford University Press: Oxford, UK, 1975.
32. Brazil. Regras para Análise de Sementes, 3rd ed.; MAPA/ACS, Ministério da Agricultura, Pecuária e Abastecimento: Brasília, Brazil,

2009.
33. Jackson, C.; Esnouf, M.P.; Winzor, D.J.; Duewer, D.L. Defining and measuring biological activity: Applying the principles of

metrology. Accredit. Qual. Assur. 2007, 12, 283–294. [CrossRef]
34. Marcos Filho, J. Seed vigor testing: An overview of the past, present and future perspective. Sci. Agric. 2015, 72, 363–374.

[CrossRef]
35. TeKrony, D.M. Accelerated aging test: Principles and procedures. Seed Technol. 2005, 27, 135–146.
36. Egli, D.B.; Tekrony, D.M. Relationship beween soybean seed vigor and yield 1. Agron. J. 1979, 71, 755–759. [CrossRef]
37. Paula, A.D.M.d. Vigor Relativo: Uma Nova Abordagem para Classificação de Lotes de Sementes; Universidade Federal de Uberlândia:

Uberlandia, Brazil, 2020.
38. Santana, D.; Ranal, M. Linear correlation in experimental design models applied to seed germination. Seed Sci. Technol. 2006, 34,

233–239. [CrossRef]
39. Montgomery, D.C.; Runger, G.C. Applied Statistics and Probability for Engineers, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA,

2010; pp. 207–219.
40. Šidák, Z. Rectangular confidence regions for the means of multivariate normal distributions. J. Am. Stat. Assoc. 1967, 62, 626–633.

[CrossRef]
41. Babicki, S.; Arndt, D.; Marcu, A.; Liang, Y.; Grant, J.R.; Maciejewski, A.; Wishart, D.S. Heatmapper: Web-enabled heat mapping

for all. Nucleic Acids Res. 2016, 44, W147–W153. [CrossRef]
42. Nikolaeva, M.G. Factors controlling the seed dormancy pattern. In The Physiology and Biochemistry of Seed Dormancy and

Germination, 1st ed.; Kahn, A.A., Ed.; North-Holland Publishing: Amsterdam, The Netherlands, 1977; pp. 51–74.
43. Davis, J.A. Elementary Survey Analysis, 1st ed.; Prentice-Hall: Hoboken, NJ, USA, 1971.
44. Vivas, P.; Resende, L.R.B., Jr.; Guimarães, R.; Azevedo, R.; Da Silva, E.; Toorop, P. Biospeckle activity in coffee seeds is associated

non-destructively with seedling quality. Ann. Appl. Biol. 2017, 170, 141–149. [CrossRef]
45. Bewley, J.D. Breaking down the walls—A role for endo-β-mannanase in release from seed dormancy? Trends Plant Sci. 1997, 2,

464–469. [CrossRef]
46. Sliwinska, E.; Bassel, G.W.; Bewley, J.D. Germination of arabidopsis thaliana seeds is not completed as a result of elongation of

the radicle but of the adjacent transition zone and lower hypocotyl. J. Exp. Bot. 2009, 60, 3587–3594. [CrossRef]
47. Heading, R.C.; Nimmo, J.; Prescott, L.F.; Tothill, P. The dependence of paracetamol absorption on the rate of gastric emptying. Br.

J. Pharmacol. 1973, 47, 415–421. [CrossRef]
48. Urquhart, J. The odds of the three nons when an aptly prescribed medicine isn′t working: Non-compliance, non-absorption,

non-response. Br. J. Clin. Pharmacol. 2002, 54, 212–220. [CrossRef]
49. Onsager, L. Reciprocal relations in irreversible processes. II. Phys. Rev. 1931, 38, 2265–2279. [CrossRef]
50. Ranal, M.A.; De Santana, D.G. How and why to measure the germination process? Braz. J. Bot. 2006, 29, 1–11. [CrossRef]
51. Ferreira, W.R.; Ranal, M.A.; de Santana, D.G.; Nogueira, A.P.O. Germination and emergence measurements could group

individuals and species? Braz. J. Bot. 2015, 38, 457–468. [CrossRef]
52. Kranner, I.; Minibayeva, F.; Beckett, R.; Seal, C. What is stress? Concepts, definitions and applications in seed science. New Phytol.

2010, 188, 655–673. [CrossRef]
53. Larcher, W. The environment of plants. In Physiological Plant Ecology; Springer: Berlin/Heidelberg, Germany, 2003; pp. 1–67.

http://doi.org/10.34133/2020/5196176
https://www.unav.edu/web/global-affairs/detalle/-/blogs/soybeans-the-other-strategic-commodity-of-south-america
https://www.unav.edu/web/global-affairs/detalle/-/blogs/soybeans-the-other-strategic-commodity-of-south-america
http://doi.org/10.1139/cjb-2015-0161
http://doi.org/10.2307/2347482
http://doi.org/10.1007/s00769-006-0254-1
http://doi.org/10.1590/0103-9016-2015-0007
http://doi.org/10.2134/agronj1979.00021962007100050012x
http://doi.org/10.15258/sst.2006.34.1.28
http://doi.org/10.1080/01621459.1967.10482935
http://doi.org/10.1093/nar/gkw419
http://doi.org/10.1111/aab.12314
http://doi.org/10.1016/S1360-1385(97)01147-3
http://doi.org/10.1093/jxb/erp203
http://doi.org/10.1111/j.1476-5381.1973.tb08339.x
http://doi.org/10.1046/j.1365-2125.2002.01629.x
http://doi.org/10.1103/PhysRev.38.2265
http://doi.org/10.1590/S0100-84042006000100002
http://doi.org/10.1007/s40415-015-0153-y
http://doi.org/10.1111/j.1469-8137.2010.03461.x


Plants 2021, 10, 2151 14 of 14

54. Vanwallendael, A.; Soltani, A.; Emery, N.C.; Peixoto, M.M.; Olsen, J.; Lowry, D.B. A molecular view of plant local adaptation:
Incorporating stress-response networks. Annu. Rev. Plant Biol. 2019, 70, 559–583. [CrossRef]

55. Penfield, S. Seed dormancy and germination. Curr. Biol. 2017, 27, R874–R878. [CrossRef] [PubMed]
56. Ribeiro-Oliveira, J.P.; Ranal, M.A.; De Santana, D.G.; Pereira, L.A. Sufficient sample size to study seed germination. Aust. J. Bot.

2016, 64, 295–301. [CrossRef]
57. Bewley, J.D.; Bradford, K.J.; Hilhorst, H.W.M.; Nonogaki, H. Seeds; Springer: New York, NY, USA, 2013.
58. Selye, H. A syndrome produced by diverse nocuous agents. Nature 1936, 138, 32. [CrossRef]
59. Steinbrecher, T.; Leubner-Metzger, G. The biomechanics of seed germination. J. Exp. Bot. 2016, 68, 765–783. [CrossRef]

http://doi.org/10.1146/annurev-arplant-050718-100114
http://doi.org/10.1016/j.cub.2017.05.050
http://www.ncbi.nlm.nih.gov/pubmed/28898656
http://doi.org/10.1071/BT15254
http://doi.org/10.1038/138032a0
http://doi.org/10.1093/jxb/erw428

	Introduction 
	Material and Methods 
	Biological Model 
	Water Dynamics in Germinating Seeds 
	Seed Germination Assays 
	Seedling Development Assays 
	Statistical Analysis 

	Results 
	Discussion 
	References

