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Abstract

Thermoanalytical methods are widely used to study seed germination processes. Our research aimed to use them in order to
monitor the germination of maize seeds. To this end, we employed—for the first time—the isothermal calorimetric method
with full oxygen access. Dry seeds were placed in ampoules with threaded caps, filled with distilled water. Heat flow was
recorded in microwatts at 20 °C for 72 h in order to determine changes in thermal power associated with germination. In
parallel with these measurements, in the same time regime, we measured FT-Raman spectra, which allowed us to analyze
how endosperm and embryo changed their chemical compositions during imbibition and germination. Spectra obtained
for endosperm reflected chemical changes resulting from catabolic processes. We also analyzed variations in the second-
ary structure of proteins in the embryo accompanying germination. Decomposition of amide I bands proved that during
germination and protein hydrolysis, the content of helical and B-sheet structures decreased. Furthermore, in the embryos of
dry seeds, S-S linkages were in both gauche—gauche-trans and trans-gauche-trans conformations, but after imbibition, only
gauche—gauche-trans conformation can be identified.
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Introduction start, and embryo radicle is growing. During reserve mobi-

lization, stored materials are enzymatically decomposed to

Among the critical stages of plant life is seed germination.
It is during this stage that the plant’s genetic pool is trans-
ferred to the environment, a critical process behind perpetu-
ating the species. Germination ends the plant’s quiescent
phase, making it metabolically active. To germinate, seeds
need to complete the imbibition phase, in which colloids are
hydrated, leading to enzymes becoming active and reserves
being hydrolyzed. After that period, anabolic processes
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simpler components, which then serve as energy source for
the embryo and forming seedlings. Germination ends when
the radicle breaks the seed coat, a moment that marks the
formation of a seedling and the beginning of its grow [1].

Isothermal calorimetry is used to monitor many bio-
logical processes, such as fermentation [2], microorganism
development [3], and seed germination [4—6]. Some authors
used it to analyze the physiological quality of seeds stored in
various conditions [5] and the influence of chemical [7, 8]
and physical [9] factors on germination. Schabes and Sigstad
discussed methodological aspects of using calorimetry in
studying seed germination [10]. However, the thermal effect
of metabolic processes associated with seed germination still
requires further research.

FT-Raman spectroscopy can enrich isothermal calorim-
etry’s results, by enabling one to analyze chemical composi-
tions of tissues in a non-destructive manner. To the best of
our knowledge, only a few studies have combined calorim-
etry with FT-Raman spectroscopy. Two of them analyzed
changes in the chemical composition of cotyledons at the
final stages of germination of mustard seeds and early stages
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of growth of its seedlings [11, 12]. Chemical changes occur-
ring from the imbibition phase to the root protrusion through
the seed coat, however, have not yet been studied in detail.

This work aimed to (1) analyze metabolic energy
changes related to the subsequent steps of seed germina-
tion in maize, using the isothermal calorimetry; and to
(2) analyze the chemical composition of endosperm and
embryo, using FT-Raman spectroscopy. In the analyses,
we paid special attention to variations in the secondary
structure of proteins localized in the embryo. We chose
maize seeds because they have relatively large and well-
visible embryos, allowing us to precisely aim the laser
beam at both endosperm and embryo. To carry out calo-
rimetric measurements, we used ampoules with threaded
caps, a novel approach that let us to conduct the long-term
experiment under unlimited oxygen access.

Materials and methods
Plant material

The experiments used maize seeds (Zea mays L., cv
Rywal, FAO 210) obtained from the plant breading sta-
tion HR Smolice (Poland), which were not prepared in
any way. All the experiments were performed in at least
five independent series. The details can be found at figures
descriptions.

Imbibition and germination studies

In order to investigate the rate of water uptake by seeds dur-
ing the first six hours of imbibition, the water content coef-
ficient (WC/gy0 grn Was calculated according to Schabes
and Sigstad [5]. In brief, dry seeds were introduced into
ventilated calorimetric ampoules with a capacity of 20 cm?,
filled with 1 cm? of distilled water (see “Calorimetric meas-
urements” below). The ampoules were placed in an isother-
mal calorimeter TAM III (TA Instruments, Lindon, UT) at
20 °C. Such a procedure ensured that the seed imbibitions
were carried out at exactly the same temperature; at the same
temperature, HF from the seeds was measured.

To illustrate changes in morphology during imbibition,
the seeds were removed from the ampoules every 12 h and
photographed (Fig. 1), and then placed back into the calo-
rimeter. The procedure was repeated up to 72 h.

Calorimetric measurements
Calorimetric measurements were made in an isothermal

twin 20 cm® calorimeter TAM 111, equipped with TAM
Assistant Software. Stainless-steel ampoules with threaded

@ Springer

Fig.1 A maize seed (Zea mays L., cv Rywal, FAO 210) during ger-
mination. The photographs were made every 12 h (from 0 h (a) to
72 h (g)). On seed (a), black points described as 1 (the embryo) and 2
(the endosperm) indicate the places where FT-Raman measurements
were made. The differences in the sizes of the seeds on individual
photographs resulted from the imbibition and germination processes.
The arrows indicate the places of seed coat rupture. Similar qualita-
tive changes were observed for the other three seeds undergoing imbi-
bition and germination under identical conditions

caps, previously manufactured by Thermometric (Jarfilla,
Sweden) for TAM 1II 2277 calorimeters, were used. Thanks
to them, we did not have to open ampoules to ensure O,
availability.

The particular measurements for an individual seed
were made in the following way. The seed was placed
in the calorimetric ampoule, filled with 1 cm? of dis-
tilled water; the reference ampoule was also filled with
1 cm? of distilled water. The HF for germination (in uW)
was registered after the temperature equilibration period
(45 min) at 20 °C, allowing us to graph HF against time.
The measurements were made for 72 h. After that time,
the seed was lyophilized and weighed, in order to calcu-
late its HF of germination, expressed as uW per gram of
dry mass (gpp)-

To study whether and how the ampoules with threaded
caps influenced the calorimetric signal value, we made
separate measurements using both ampoules filled with
1 cm? of distilled water. This experiment aimed to study
the thermal effect that occurs when water evaporates from
ampoules with threaded caps.

FT-Raman spectroscopy and curve fitting

FT-Raman spectroscopy was performed with the Nico-
let NXR 9650 FT-Raman spectrometer equipped with
a Nd:YAG3 + laser emitting at 1064 nm and InGaAs
(indium gallium arsenide), on maize seeds prepared as
described above (“Imbibition studies”), onto two points
indicated on Fig. la. Spectra were collected from the
beginning of imbibition until root appearance—so,
after O (air-dry seeds), 6, 18, 24, 36, and 60 h—at room
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temperature, at an aperture of 80 and a spectral resolution
of 4 cm™'. From 7 to 10, single spectra accumulated from
64 scans and measured with the laser power of 1 W were
collected in the range of 300-1800 cm™! and averaged.
The spectra were normalized according to the most inten-
sive band, and the analysis was carried out using Omnic
8 and OriginPro 2015 software packages for Windows.

To determine the secondary structural content of pro-
teins localized in maize embryos in the subsequent steps
of germination, the amide I (1610-1710 cm™!) band was
decomposed using the PeakFit 4.12 program [13]. The
analysis started with a baseline correction that used a
linear function. In the next step, a second derivative of
each measured spectrum was obtained, in order to find
the number of components that built an amid I as well as
their localization. Finally, we used a mathematical algo-
rithm, employing Gaussian and Lorentzian functions, to
iteratively estimate parameters using the method of least
squares. In this method, the areas of selected peaks cor-
respond to their conformational contributions. The itera-
tion procedure stops when it achieves the best fit—one
that cannot be improved anymore. For each obtained
decomposition, the correlation coefficient was higher
than 0.998.

Results and discussion

Our research used calorimetric measurements combined
with FT-Raman spectroscopic experiments to monitor seed
germination of maize cultivar Rywal, in its early stages,
from imbibition to root protrusion. We monitored this pro-
cess for 60 h using FT-Raman spectroscopy and 72 h using
calorimetry.

Seed coats broke at around 36 h of imbibition (Fig. 1d,
e). Root protrusion through the seed coat—which indicates
that the germination ended—became clearly visible after
60 h (Fig. 1f). The epicotyl appeared after 72 h since the
beginning of imbibition (Fig. 1g).

One of the main problems in biological calorimetry is
the small amount of oxygen in measuring ampoules, which
makes it difficult—often even impossible—to follow meta-
bolic heat flow over a longer period of time. To solve this
problem, some authors interrupted the measurements after
9-10h [8] or 10-12 h [5, 6, 10] and opened the ampoules to
let oxygen get inside. While indeed increasing the amount
of oxygen in the ampoules, the procedure does not come
without cost: It causes disturbances in HF measurements.
According to our experience and knowledge, such an inter-
ruption makes a calorimetric signal time-consuming—or
just difficult—to stabilize. Therefore, we proposed to use
ampoules with threaded caps in current studies. As Fig. 2,
Inset shows, the calorimetric signal—that is, the one

originating from ampules with threaded caps filled only with
1 cm? of distilled water—varied from O to 4 pW within the
first 12 h of measurement and then stabilized, not exceeding
5 pW. Thus, for the obtained HF curve for the germination of
maize seeds (Fig. 2), the inaccuracy of the signal value did
not exceed 5%, meaning that using ampoules with threaded
caps, which offered the seeds favorable oxygen condi-
tions, allowed us to monitor the undisturbed processes of
their imbibition and germination. Thus, our measurements
remained unaffected by a lack of oxygen.

For imbibition processes lasting less than 10 h, the cor-
responding HF value decreases (Figs. 2, 3a). In turn, varia-
tions in HF detected at around 1.7 h after the beginning of
imbibition in our opinion reflect the effect of mechanical
tension the seeds underwent during the first stages of imbi-
bition (Fig. 1, arrow no. 1). Similar changes in HF observed
in soybeans seeds [10] were explained by anoxia. We do not
think, however, that at this stage of imbibition, anoxia—if
occurs whatsoever—influences metabolic activity, which
would be seen in the changes in the HF curve.

Between 10 and around 40 h, metabolic activity intensi-
fied, as represented by an increasing metabolic heat rate.
Moreover, after about 40 h, we can see a rapid increase in
HF (Fig. 2, arrow no. 2), a pattern associated with the rup-
ture of the seed coat (Fig. 1d) and the resulting acceleration
of the metabolic processes. After about 53 h, root protrusion
through the seed coat became visible (Fig. 2, arrow no. 3,
Fig. 1f), but it did not disturb the constant increase in the
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Fig.2 A typical specific heat flow (HF) curve in microwatts (uW)
per gram of dry mass (gpy,) for a maize seed germinating at 20 °C
in 1 cm? of distillated water. Arrow 1 points to imbibition-related
mechanical tension inside the seed. Arrows 2 and 3 show the disrup-
tion of the seed coat. Inset: The calorimetric signal obtained for the
ventilated ampoules filled with 1 cm® of distillated water. The numer-
ical values (the mean time in hours from the beginning of germina-
tion, with standard deviation) show when mechanical stress, seed coat
cracking, and root protrusion took place. N=5
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HF value that started with the breaking of the seed coat (at
around 40 h).

Figure 3 shows that during the first 6 h of imbibition,
around 92% of variation in HF can be explained by the
changes in the water content in seeds (WC). In other words,
the HF signal during imbibition is directly related to the
amount of water absorbed by the seed.

To evaluate chemical changes during the initial stages of
germination, we used FT-Raman spectrometry to collect sig-
nals from two points of seed coats: the embryo (point 1) and
endosperm (point 2) (Fig. 1a). This technique enables one to
measure spectra without disturbing the integrity of the seeds.

The main component of maize seed’s endosperm is
starch (86.4-88.9% of total mass). It consists of two poly-
mers: amylopectin (70-75%) and amylose (25-30%), whose
amount in the embryo is much smaller (5.1-10.0% of the
embryos’ mass). Maize seed also contains sugars, including
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Fig.3 Specific heat flow (HF) in microwatts (uW) per gram of dry
mass (gpy) during imbibition (a); the imbibition curve of maize
seeds during the first six hours: the mean water content (WC) in gram
of water (gy,o) per gram of fresh mass (ggy). N=6, and the maxi-
mum standard deviation was below 5%, so is not shown (b); correla-
tion between specific HF and water content (WC) in the seeds. The
dashed lines show 95% confidence intervals (c)
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pentosans. Additionally, seeds contain lipids (whose mean
percentage in the seed’s mass is 4.4%), mainly stored in
embryos (31.1-35.1% of its total chemical composition).
In turn, protein content in maize seeds ranges from 8.1 to
11.5%, with the embryo being their main localization, pro-
teins constituting up to 19% of its total composition [14].
Figure 4a and 4b shows Raman vibration characteristic
for the above-mentioned chemical groups recorded in the
endosperm and embryo. Table 1 summarizes these results.
Intensive bands observed in the 475-485 cm™' range and
the one at 940 cm™' are typical of starch, so they allowing
one to identify it in various samples [15, 16]. Analyzing
of spectra in terms of the intensity and changes in position
of these bands, it is possible to study amylose and amylo-
pectin contents [16]. The following Raman vibrations exist-
ing in glycosidic bond occur between 800 and 1200 cm™!:
C-O0 stretching, C-C stretching, and C—O-C deformation
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Fig.4 The normalized FT-Raman spectra of maize seeds (Zea mays
L., cv Rywal): the endosperm (a); the embryo of the seed (b, c). The
spectra were measured at 0, 6, 18, 24, 36, and 60 h from the begin-
ning of germination. Numbers 1-13 indicate various chemical com-
pounds present in the maize seeds
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Table 1 The most characteristic

Chemical components References

Raman bands obtained for the Peak number  Wavenumber/em
maize seeds studied 1 480

2 ~865

3 940

4 1052

5 1082

6 1128

7,8 1260-1340

9 1380

10 1460

11 1600

12 1630

13 1656

[15,21, 38-41]
[21, 38—-40]

Polysaccharides (amylose and amylopectin)
Monosaccharides, disaccharides, polysaccha-
rides (amylose and amylopectin)

Polysaccharides (amylose and amylopectin) ~ [15, 21, 39, 40]

Polysaccharides [40, 41]
Polysaccharides [21]
Polysaccharides (amylose and amylopectin) ~ [15, 21, 40]

[15, 16, 21, 40]
[15, 16, 21, 39]
[15, 16, 21, 42, 43]

Polysaccharides, lipids, fatty acids
Polysaccharides

Polysaccharides, lipids, fatty acids

Polyphenols, flavonoids [39, 44]
HW (28]
Amid I [39]

Bold font shows “marker bands” of particular chemical components

modes. Vibrations derived from a-1,4-glycosidic connec-
tions were observed in the range of 920-960 cm™!. Thus,
the peak at 940 cm™! is associated mainly with the pres-
ence of a-1,4-glycosidic bonds characteristic for amylose,
or a-1,6-glycosidic, characteristic for amylopectin. The
presence of a-1,6-glycosidic bonds causes a slight shift of
the band toward higher frequencies. To determine which
type of bonds prevails in the examined tissue, the spectra
of pure compounds should be recorded and compared with
those obtained for tested sample. The region between 1200
and 1500 cm™! is rich in structural information about carbo-
hydrates, being thus characteristic, among others, for C—H,
CH,, C-O-H deformation vibrations at 1460 cm~![16, 17].
At a frequency of about 1380 cm™!, coupling the C~C—H and
C-0O-H deformation modes can be observed.

We observed the highest signal values in the endosperm
for dry seeds between 1100 and 1500 cm™! (Fig. 4a). The
same tendency occurred in the amide I region, although
with low intensity. After an imbibition and further changes
related to germination, the intensity of the signal decreased
in the above-mentioned ranges, a phenomenon connected
with the triggering of catabolic processes starting germi-
nation, mainly the breaking down of carbohydrates and
proteins. These differences in the intensities of signals,
especially between 6 and 60 h of germination, are, however,
negligible. In the endosperm, marker bands for starch were
clearly visible, with band 1 located at 480 cm~! and band 2
at 940 cm™!, an observation in agreement with the common
knowledge about the main storage material accumulated
therein. [14].

The embryos of dry seeds and those after imbibition
differed in terms of the signal intensity of the FT-Raman
spectra up to 550 cm™~! and in the region of 550—1000 cm™!
(Fig. 4b). In the low frequency range (510550 cm™"), the
identified bands were associated with S-S stretching vibra-
tions (Fig. 4c). The major storage proteins in maize kernels

are zeins, which are composed of four classes, namely -,
B-, y-, and d-zeins, of which a-zeins are sulfur-deficient,
- and &-zeins are sulfur-rich and have high concentrations
of cysteine and methionine, and y-zeins are cysteine-rich
[18]. The bands at 510, 520, and 545 cm™! are known to be
typical for gauche—gauche-gauche, gauche—gauche-trans,
and trans-gauche-trans conformations of the C-C-S-S-C-C
sequence, respectively. From among the spectra we observed
in our experiment, the band at 520 cm™~! was present during
the whole germination process, but the band at 545 cm™!
disappeared just after imbibition Therefore, we can conclude
that the S-S linkages of dry seeds were in gauche—gauche-
trans and trans-gauche-trans conformations, but imbibition
changed that, with only the former left. Moreover, the bands
at 640 cm™! and in the 700-745 cm™' region were assigned
to the C-S stretching vibrations of gauche and trans confor-
mations, respectively [19]. The peaks at 850 and 830 cm™!
were assigned to tyrosine residues (Fig. 4c), with the Ig5,/
Ig5 ratio being used as an indicator of the tyrosine environ-
ment [20]. From our results it follows that for dry seeds,
the hydroxyl group of tyrosine is a donor of rather strong
hydrogen bonds (as represented by a lower value of Igs54/I55),
whereas in the later stages of germination, it is an acceptor
of hydrogen bonds.

The marker band for starch shifted from 940 cm™' for
the endosperm to lower frequencies (ca. 930 cm™!) for the
embryo, along with a significant decrease in the band’s inten-
sity (Fig. 4b, peak no. 3). This may suggest the absence—or
at least a low contents—of a-1,6-glycosidic linkages as well
as the presence of the majority of a-1,4-glycosidic bonds in
these structures of the embryo [21].

At 1656 cm™!, we can see a peak derived from the amide
I band, a typical feature of the embryo (Fig. 4b). Vast litera-
ture has shown that the mobilization of storage substances in
seeds starts the process of degradation of proteins deposited
in the aleurone layer that surrounds the endosperm. Then,
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de novo hydrolases are synthesized (in both aleurone layer
and embryo). In the next stage, hydrolases that are released
into the starch’s endosperm participate in the degradation
of polysaccharides and proteins, with the resulting products
being transported to the developing seedling [22, 23].

Created by the vibrations of the peptide bond, the amide
I allows one to determine the secondary structures of pro-
teins [24]. Using literature data [13, 25-27] and the sec-
ond derivative functions of the recorded spectra, we dis-
tinguished three components of amid I: a-helix, located at
1656 cm™!: B-sheets, at 1673 cm™!: and undefined structures,
at 1691 cm™'. The decomposition of the recorded spectra
revealed the presence of additional bands, positioned at
1628 and 1635 cm™, assigned to hydration water [28]. We
estimated the maximum difference of the frequency of the
components between the registered spectra as +2 cm™!. The
halfwidth of the components was not wider than 15-20 cm™".
To determine the secondary structure content, we used the
area of each of the components divided by the sum of area
of all the amide I components. Figure 5 presents the example
of such decompositions, for spectra obtained at the starting
point (0 h, air-dry seed), at the end of imbibition (6 h), and
at the end of germination (a root protrusion, 60 h). Table 2
shows the shares of secondary structures obtained from the
amide I decomposition during all the germination stages
considered.

Our results clearly indicate that proteins in the embryo
are predominantly a-helical, a conclusion being in agree-
ment with literature [29]. The most abundant proteins in
maize are zeins, belonging to prolamin proteins, and are
divided into four classes, a, B, y, and d-zeins [30]. They
have highly ordered structure [18, 30] and are composed of
up to 60% a-helical forms [29]. Their glutamine and proline
contents are high—up to 70% in total [31], but they have
almost no tryptophan and lysine in their chains. As already
mentioned, the contents of amino acids, such as cysteine
and methionine, depend on the type of zein (unlike other
zeins, a-zeins have very low contents of sulfur amino acids).
Davy et al. showed [32] that the rate of hydrolysis of storage
proteins during germination also depended on the reduction
of disulfide bonds in proteins.

The decomposition of the spectra recorded for
air-dry seeds (0 h) yielded the amide I band region
(1610-1710 cm™") consisting mainly of a-helix (54%),
with only 5% of f-sheets and 4% of undefined structures
(Table 1). During imbibition, the helical structures declined
up to 47% and then up to 40% in 36 h. After 60 h of germi-
nation, the content of helical protein structures increased
again, indicating the synthesis of proteins with this type
of secondary structure, which might be important during
seedling development. During imbibition, the content of
f-sheets declined from 5% for air-dry seeds to 2% after 24 h,
finally disappearing after 36 h. Undefined structures’ content
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Fig.5 The decomposition of the FT-Raman amide I region for the
embryo. The experimental profiles are represented by dashed black
lines and the calculated ones by solid black lines. The calculated
profiles in the panels were determined as the sums of the individual
curve-fit components, namely o-helical (1656-1658 cm™'—green),
B-sheet (1673 cm™'—blue), undefined (1693 cm’l—gray), and
hydrated water (HW, 1628 cm™!, 1636 cm_l—red) structures. The
spectra were measured after 0 (a), 6 (b), and 60 (c) hours from the
beginning of the experiment. (Color figure online)

decreased in the imbibition phase (after 6 h), completely
disappearing between 18 and 36 h of germination and reap-
pearing after 36 h. We also noted an increase in hydration
water (from initial 37% to above 50% in the next stages of
germination).

Note the peaks located at 1628 cm™! and 1636 cm™!,
which we described as “hydration water.” We can identify
in this frequency range vibrations derived from aromatic
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Table 2 The estimated content of protein secondary structures in the
embryo of maize seeds (Zea mays L., cv Rywal) in air-dry seeds (0 h)
and during the first 60 h of germination

Time/h Type of conformation and secondary structure ~ R’
content/%
HW a-helix B-sheet Undefined

0 7* 54 5 4 0.9992
30**

6 16* 47 2 1 0.9991
34

18 15% 46 1 - 0.9989
38**

24 10* 45 2 - 0.9981
43%%*

36 15% 40 - 2 0.9986
447

60 27% 47" - 2 0.9989
24

*Content determined at 1628 cm™
##Content determined at 1636 cm™!

#xContent determined at 1656 cm™! and 1658 cm™!

amino acids, like tryptophan and phenylalanine [33]. But
since about 60% of proteins in maize seeds are zeins,
which are poor in both lysine and aromatic amino acids
[14], assigning these frequencies to these chemical com-
pounds would be inappropriate. Some authors have thus
suggested that these peaks can be assigned to the amide
groups involved in extended p-sheets or B-sheets with
strong hydrogen bonding [27, 34-37]. This interpretation,
however, may indicate the prevalence of B-structures in
the embryo’s proteins, something that is, at most, unlikely.
Therefore, given that the molecules were in the solid state,
the most appropriate conclusion seems to be assigning the
bands at the frequencies of 1628 cm™! and 1636 cm™ to
the hydration water bending mode [24, 28].

Changes in the protein composition of seeds are typi-
cally examined during germination. To the best of our
knowledge, this experiment was the first to monitor
changes in the secondary structure of proteins during
embryo growth. To this end, we used FT-Raman spec-
troscopy, since obtaining the same information using other
techniques (e.g., CD or crystallography) would require
expensive and time-consuming research.

Conclusions

We based our idea behind this research on the notion
that isothermal calorimetry can be useful in studying the
course of germination of various seed species. It indeed
showed this usefulness for maize.

The traditional approach in calorimetry uses ampoules
without oxygen access, making experiments with ger-
minating seeds lack one of the crucial factors for seeds
to germinate: oxygen. Opening the ampoules solves the
problem, since oxygen gets into them, but it is just an
inefficient half-measure. Solving this problem, it gener-
ates other issue, related to the stability of the calorimetric
signal. This is where calorimetric ampoules with threaded
caps show their power: Unlike traditional ampoules, they
let the air inside. Thanks to this, we can continuously
monitor HF values during germination. Such a measur-
ing system requires that HF from the plant tissue be much
higher than that from ampoules with water—and, unlike
traditional calorimetry, the method we used does meet this
requirement.

FT-Raman spectroscopy enabled us to notice changes in
the secondary structure of proteins in the embryo accompa-
nying the germination process, which we would not be able
to monitor in such an easy manner using other techniques.
The decomposition of amide I band reveals changes in the
proportions of secondary structures of proteins at particu-
lar stages of germination. In the embryos of air-dry seeds,
S-S linkages were in both gauche—gauche-trans and trans-
gauche-trans conformations, but after imbibition, the latter
disappeared and only the former remained.
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