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Abstract: The correct development of seeds is a pivotal requirement for species preservation. This 
process depends on the balance between sensing the environmental stimuli/stressors and hormone-
mediated transduction, which results in physiological responses. The red and blue regions of 
the electromagnetic spectrum are known to infuence seed dormancy and germination. Here, we 
report on the effects induced by the blue (peak at 430 nm) and red (peak at 650 nm) regions of the 
electromagnetic spectrum on seeds from photo- and skotomorphogenetic capsules developed under 
white, blue, or red light. Regardless of exposure, seeds from skotomorphogenetic capsules showed an 
almost absent dormancy in association with altered germination kinetics. Conversely, in seeds from 
photomorphogenetic capsules, the exposure to the blue region induced skotomorphogenetic-like 
effects, while the exposure to the whole visible range (350–750 nm), as well as to only the red region, 
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published maps and institutional affl- Light is one of the most critical factors affecting plant growth, seed development, and 
iations. germination. The plethora of functions infuenced by light is refected in the large variety 

of plant photoreceptors [1]. In this respect, the effects on plants span from photosynthesis 
and primary production to the direct/indirect involvement of light in almost all phases of 
the life cycle [2–4]. In order to interact with light either for signaling (photoreceptors) or for 
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light not only as a source of energy but, notably, also for acquiring environmental infor-
mation [11]. In this respect, the infuence of red and/or blue photons on dormancy [12] 
and germination [13] is well known. Its relevancy, however, remains controversial [14,15]. 
Among others, the blue and red regions of the electromagnetic spectrum affect plant de-
velopment by a dose-dependent effect that can be cumulative [16,17]. In fact, the dose 
of photons may trigger either time-dependent effects, dependent on the fuency [18], or 
time-independent effects, related to the irradiance [17,19]. To acquire more detail, the effect 
of red light at 666 nm and 730 nm was extensively studied in model organisms, such as 
Lactuca ssp. and Arabisopsis thaliana [20–22], as well as in many other species, and was found 
to guide seed germination or dormancy through phytochrome activation/inactivation; 
however, this effect was not always obvious [23]. 

In more general terms, the whole process of reproduction, including seed development 
and maturation, from anthesis to pollination frst and from fruit ripening to embryogen-
esis after, is regulated by electromagnetic signals leading to new individuals capable of 
preserving the species [11,24–27]. It was previously observed that etiolated fruits of Nico-
tiana tabacum L. plants produce larger and heavier seeds with altered levels of hormones 
which are responsible for its absence of dormancy [28]. These observations were connected 
to a change in the balance between the sink role of fruits, gaining photosynthates from 
leaves, and their “self-source” ability, by which fruits produce photosynthates through 
their photosynthetic parenchyma [28]. In the present study, we focused our investigation 
by narrowing the visible band to the red (peak at 650 nm) and blue (peak at 430 nm) regions 
of the electromagnetic spectrum. This allowed us to discriminate between the actual pho-
toactive regions in the visible spectrum and the rest (non-photoactive with respect to the 
observed effects), with the purpose of linking the effect to a specifc type of photoreceptor. 
The readout of this assessment was performed by analyzing the seed quality in terms of the 
germination kinetics of seeds collected from both photomorphogenetic capsules (PC) and 
skotomorphogenetic capsules (SC). While SC seeds had an almost absent dormancy with 
no signifcant differences between the three conditions tested, consistent with previous 
studies performed under white light in N. tabacum L. [28], seeds developed in PC presented 
different behaviors depending on the type of light under which the seed maturation oc-
curred. In particular, PC seeds from capsules developed under white and red light showed 
a clear dormancy phase, while, unexpectedly, in PC seeds from capsules developed under 
blue light, the dormancy was absent, showing a skotomorphogenetic-like behavior. The 
germination profles suggest a direct photosynthetically active radiation (PAR) effect of the 
red region in promoting dormancy in seeds under development and maturation with a 
dose-related trend. The sensing processes and transduction mechanisms built on the base 
of these observations seem to occur in fruits rather than in other parts of the plant, and 
photo-perception is confrmed to be a main determinant in seed development and germina-
tion. Results are discussed and contextualized in terms of the roles played by the red light 
in phytochrome activation. The infuence of phytochromes on seed dormancy, affecting 
hormone biosynthesis, levels, and balance, is also taken into account. Considering previous 
observations [28], the reported data may have relevant applications in crop production or 
plant preservation for species where, as in tobacco, etiolation of fruits induces bigger and 
heavier seeds with reduced dormancy. 

2. Materials and Methods 
2.1. Growth and Cultivation of Tobacco Plants 

Seed collection and germination tests on Nicotiana tabacum plants (cv. Petit Havana) 
were performed in Cagliari (Sardinia, Italy, latitude: 39◦2203000 N; longitude: 9◦1100600 E; 
altitude: 60 m above the sea level). After harvest, capsules were dried in the dark at 25 ◦C 
and 50% relative humidity. Upon drying, the capsules were collected and stored at 18 ◦C 
and 50% relative humidity in the dark for 2–3 weeks prior to the start of the experiments. 
Before germination tests, seeds were collected and imbibed in sterilized tap water for 24 h 
at room temperature in the dark. After imbibition, seeds were sowed, and plants were 
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grown for 15–20 weeks at 25 ◦C with 50% relative humidity and under a light regime of 
12 h/day. In all the tested conditions, the light source was a LED lamp with a light intensity 
of 150–200 µmol photons/(s·m2) at 50 cm from the emission source; in all cases, the light 
source was positioned at a distance from the plants that allowed it to reach an average 
of ~3000–4000 lux. Plants were frst grown under white LED light for 6–8 weeks, and, 
two weeks before anthesis, they were divided into three experimental groups and kept 
either under white, blue (peak at 430), or red (peak at 650 nm) LED light. Experiments 
were performed on at least three test plants for each experimental condition. Finally, seeds 
resulting from the 6 conditions (white, blue, and red from both etiolated and non-etiolated 
capsules) were subjected to germination tests performed under white light as described in 
the Section Germination Tests (see below). 

2.2. Membranes Isolation and Solubilization 

Plastidial membranes were isolated at 4 ◦C in the dark [8,29]. After removing the 
sepals and the seeds, 10 g of capsules were washed in distilled water, dried in paper 
towels, mixed in a ratio 1:10 (g/mL) with grinding buffer (GB-50 mM MES pH 6.5; 10 mM 
MgCl2·6H2O; 10 mM CaCl2·2H2O), and blended for 15”. The suspension was subsequently 
centrifuged (5000× g, 100, 4 ◦C) and the pellet resuspended in GB to reach a concentration 
of 1 mg/mL (fnal suspension—FS). 

2.3. Denaturing Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Sodium dodecyl sulphate-PAGEs with a 10% (w/v) separating gel and a 4% (w/v) 
stacking gel was used to characterize the solubilized membranes [30]. Briefy, samples were 
denatured with Rotiload (Roth), boiled for 50, and centrifuged for 50, and 5 µL of samples 
was loaded into the gel. After the electrophoretic separation, the gels were stained with 
Coomassie brilliant blue G-250. 

2.4. Absorption Spectroscopy 

For the absorption spectroscopy, 100 µL of membrane suspension was homogenized on 
ice and solubilized for 200 under slow shaking at 4 ◦C in 20 mM n-dodecyl-β-D-maltoside 
(β-DDM). After a subsequent centrifugation step (17,000× g, 100 , 4 ◦C), the pellet was 
discharged, and the supernatant was diluted to 1 mL in GB and used for the measurements. 
Measurements were performed on a Pharmacia Biotech Ultrospec 4000 spectrophotometer 
at 4 ◦C in the range of 370–750 nm with an optical path length of 1 cm (quartz cell, 
Hellma Analytics). 

For the determination of Chl a and Chl b concentrations, the analysis was performed 
using 80% (v/v) acetone in a ratio 1/100 on 10 µL of FS. Single wavelength measurements 
were performed at 664 nm and 647 nm and calculated according to [31] using three inde-
pendent measurements. Amounts of Chl a and b of the controls were used as reference and 
expressed in relative units as equal to 1. The relative values for the other samples were 
assigned accordingly. 

2.5. Photosynthetic Activity 

The photosynthetic parameters of all plants were recorded by using a Mini PPM 100 
fuorimeter (EARS, Wageningen, The Netherlands) with a saturating pulse width modula-
tion (PWM) of 7.2 kHz at 455 nm carrying about 2500–3000 µmol PAR [32]. The fuorescence 
was recorded with an infrared optical bandpass flter in the range of 700–780 nm. The 
photosynthetic activity of each tested group of plants was evaluated by comparing the 
maximum fuorescence (Fm), the fuorescence in ambient light (F0), and the photosyn-
thetic yield (Y). Measurements at the end of the experiment on capsules (Section 3.1) and 
daily measurements on leaves (Section 3.5) were performed in three repetitions. Each 
measurement was performed on different capsules or leaves from three different plants for 
each tested group (growing under different light conditions). Measurements are shown as 
mean ± SD for each experimental group. 
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2.6. Induction of Etiolation 

Etiolation was induced as previously described in [28]. Briefy, in plants on the 2nd day 
post anthesis (DPA), the senescent corolla was removed, and a triple-layered pocket made 
of black crepe paper was applied over the green ovary, which was still at the pre-swelling 
stage. This setup maintained an effcient gas exchange with the environment while the 
ovary remained shielded from light. The pocket was maintained in place for the entire 
period of swelling until seed maturation (2–3 weeks). The etiolation was induced in at least 
three capsules for each test plant. 

2.7. Germination Tests 

Germination tests were performed according to [28] to investigate whether the light quality 
during seed maturation affected the seed germination rate. Tests were conducted in triplicate 
on 30 DPA seeds from different individuals using 25 seeds for each experimental condition. 

Seeds were imbibed in tap water for 24 h at room temperature in the dark. Germination 
tests were performed in sterile Petri dishes. Seeds were placed on a sterile, black layer of 
porous paper opportunely perforated in order to create a grid of holes to accommodate 
each seed. This setup prevented the seed from moving while allowing its hydration by 
an underlying layer of sterile, wet cotton. This setup allowed us to clearly see the early 
evasion of the primary root as well the overture of the emitted cotyledon leaves. 

Seeds were grown for 15 days at 25 ◦C with 50% relative humidity and under 
white, cold light with a photoperiod of 12 h/day and a light intensity of 150–200 µmol 
photons/(s·m2) at a distance from the light source that allowed it to receive an average of 
~2500–3000 lux. Depending on the stage of the germination test, data were collected once or 
twice a day at intervals of 8–12 h. These conditions were selected according to the fnding 
reported previously [28]. Seed viability was tested indirectly by checking the germination 
rate for all six experimental conditions 6–12 months after harvest. For all groups, a vitality 
rate of 95–98%, comparable to that of the controls, was observed. 

2.8. Spectral Analysis of Light 

The spectral analysis of the light sources was performed using a Thunder Optics Mini 
USB Spectrometer. Measurements in the 350–750 nm range were performed by placing the 
spectrometer 10 cm from the light source. The intensities of light at 666 nm and 730 nm 
were recorded and compared between the different light sources. The relative intensities 
were fnally plotted versus seed germinability for each given condition of light. 

2.9. Data Analysis 

The germination was monitored for 15 days, starting from the sowing day. As in [14], 
two basic indexes were recorded: the total number of germinated seeds (nt) expressed in 
% (Nt); and the partial number of germinated seeds (np) from the last check expressed 
in % (Np). The percentages of the two indexes refer to the total number of seeds sowed 
(25 per each condition). Thus, the two parameters were defned as: Nt = (nt/25) × 100; 
Np = [(nt − nt − 1)/25] × 100, where nt is the number of germinated seeds at a given time, 
and nt − 1 is the number of germinated seeds at the last-but-one measurement. The data 
were then adapted to a logistic curve using the software mycurveft (www.mycurveft.com, 
accessed on 1 April 2022), and the obtained equation was graphically represented using the 
software PLOT 2. Germination tests were performed in three repetitions, each one on seeds 
from a different plant. All the values resulting from each dataset are given as mean ± SD. 

3. Results 
3.1. In the Dark, Ovaries but Not Sepals Undergo Etiolation 

As previously observed, when the fruit set of Nicotiana tabacum L. takes place in the 
dark, the ovary undergoes etiolation. In these conditions, the sepals remain photomorpho-
genetic (Figure 1a), and the seeds of these fruits carry peculiar germination features [28]. 
As a further characterization of these samples, the plastidial membranes of the capsules 
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(non-etiolated—NE and etiolated—E) were isolated and analyzed. These experiments 
showed a clear variation in protein pattern (Figure 1b) and a decrease in the photosynthetic 
cofactors (Figure 1c) of etiolated tissues (mainly etioplast membranes) when compared 
with the non-etiolated controls (chloroplast membranes). 
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zation (c). 

A quantification of chlorophylls a and b in the sample indicated a concentration about 
two orders lower than in the controls (Table 1). 
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gree of active thylakoids/chloroplasts also in the etiolated tissues and in agreement with 
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tion of the degree of etiolation, indicating not only a deep skotomorphogenetic state for 
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tory dependence from other sites of the plant, such as the leaves. 
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produce seeds that are characterized by reduced dormancy [28]. In order to expand our 
understanding of these observations, we investigated whether this effect on dormancy 
was associated with specific bands in the PAR. A preliminary germination experiment 
using white light on seeds from the etiolated (CWE) and non-etiolated capsules (CWNE) of 
plants grown in the presence of white light confirmed the previous findings [28] and al-
lowed us to set a specific control for the tests here reported (Figure 2). 
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Interestingly, the chlorophyll a/b ratio remained around physiological conditions 
(normally between 1.8 and 2.2) for both capsules, suggesting the presence of a certain 
degree of active thylakoids/chloroplasts also in the etiolated tissues and in agreement 
with a persisting residual photosynthetic activity (Table 1). These results allowed the 
qualifcation of the degree of etiolation, indicating not only a deep skotomorphogenetic state 
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for the ovary matured in absence of light but also the retention of a constant background of 
photosynthetic potential ready to perform. 

Differently from what was observed in the dark for the ovary, the sepals did not 
undergo etiolation. Interestingly, the chlorophyll content in this part of the capsule re-
mained comparable to the one of the non-etiolated tissues (Table 1), suggesting a proxied, 
regulatory dependence from other sites of the plant, such as the leaves. 

3.2. Seeds from Plants Grown under Blue Light Are Not Dormant 

It was previously shown how etiolated capsules from plants grown under white light 
produce seeds that are characterized by reduced dormancy [28]. In order to expand our 
understanding of these observations, we investigated whether this effect on dormancy was 
associated with specifc bands in the PAR. A preliminary germination experiment using 
white light on seeds from the etiolated (CWE) and non-etiolated capsules (CWNE) of plants 
grown in the presence of white light confrmed the previous fndings [28] and allowed us 
to set a specifc control for the tests here reported (Figure 2). 
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Next, we performed the same experiment, but this time on seeds from the etiolated 
and non-etiolated capsules of plants grown in the presence of blue light, hereinafter referred 
to as CBE and CBNE, respectively. Surprisingly, these experiments revealed the absence of 
dormancy not only in CBE seeds but also in the CBNE ones (Figure 3). 
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These results suggest that the missing spectral components (red or/and green), which 
are present in the white light experiments, might be responsible for the observed effect. 
Consequently, the absence of red/green photons is virtually equivalent to the etiolated 
condition where the whole light is shielded and none of the photon sources can reach the 
specifc receptors. Minimal differences between CWE and CBE seeds, as well as between 
CWNE and CBNE seeds, were observed with respect to the time when a given stage of 
germination was reached; on the contrary, the % of germination changed signifcantly 
between the two groups (Table S1). 

3.3. In Plants Grown under Red Light, Only Seeds from Etiolated Capsules Are Not Dormant 

As a further step toward understanding the source of this light-related phenomenon, 
the same experiments were performed for plants grown under red light. Germination tests 
were performed on seeds from etiolated and non-etiolated capsules, hereinafter referred to 
as CRE and CRNE, respectively. Unlike seeds from plants grown under blue light, in these 
experiments, the red light appeared to promote dormancy in the CRNE seeds, while CRE 
seeds were not dormant and showed a behavior similar to the CBE condition (Figure 4). 

Taking into account the effect associated with the blue light, these differences suggest 
that the red light might be the trigger responsible for dormancy activation, explaining 
why the absence of this light quality (experiments in blue light) determined the absence of 
dormancy in CBE and CBNE seeds (Figure 3). In this case, the differences between CRE and 
CWE or CBE were found to be more signifcant with respect to both the time course for each 
germination stage and the associated % of germination (Table S1). 

3.4. The Amount and Quality of Red Light Induce a Proportional Increase of Dormancy in Seeds 
from Non-Etiolated Capsules 

To clarify the role of the PAR’s red component, we analyzed the amount of red 
(666 nm) and far-red (730 nm) light in the LED sources used. Interestingly, the three groups 
of experiments showed quantitative differences in the non-etiolated conditions with a 
clear correlation between dormancy and the 666 nm red light necessary for phytochrome 
activation and an independency between the 730 nm and far-red light (Figure 5a). 
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In particular, at 666 nm, CRNE seeds had a more pronounced dormancy compared to 
the CWNE ones, for which the red component of light was less represented (Figure 5a). In 
the same line, the minimal contribution of red light in the CBNE condition was not suffcient 
to induce dormancy in the related seeds (Figure 5a). In comparison, there was no evident 
association with the radiation at 730 nm, a fact that can be explained only partially by the 
smaller contribution of this band to the light intensity. On the contrary, independent from 
the level of red radiation considered, the CWE, CBE, and CRE conditions were very similar 
to each other, confrming, as expected, the absence of induced effects (Figure 5b). 

3.5. Plant Growth under Different Lights Has Comparable Photosynthetic Rates 

In order to ascertain the general physiological state of the plants subjected to specifc 
light conditions, the photosynthetic performances were assessed daily during the entire 
experimental time. Background fuorescence (F0) and maximum fuorescence (Fm) levels 
were used to calculate the photosynthetic yield (Y) and the F0/Fm ratio for leaves of plants 
from all the experimental groups. These measurements showed only minimal differences; 
therefore, no stress effect attributable to the light conditions used was detected. Values 
of photosynthetic effciency were comparable during the entire experiment, allowing the 
exclusion of the light conditions from the causes responsible for the observed differences in 
seed dormancy. 

A typical measurement performed fve days before the end of the experiment is 
reported in Table 2, showing only minimal differences compared to the control (white light). 

Table 2. Measures of the main photosynthetic parameters from leaves from plants grown under 
white, blue, or red LED light. 

White Light 
(Control) Blue Light Red Light 

F0/Fm 0.286 ± 0.004 0.290 ± 0.003 0.271 ± 0.002 

Y (%) * 71.367 ± 0.416 70.933 ± 0.321 72.767 ± 0.231 
* Y= (Fm − F0)/ Fm = 1 − (F0/Fm). 

4. Discussions 

Seed maturation is a multi-factor process strongly shaped by the environment. The 
environmental conditions during reproduction, and particularly the conditions of light, 
affect germination behaviors, determine the degree of dormancy. Light is one of the most 
active environmental factors known, able to shape the physiology and morphology of 
organisms and organs, including seeds. Here, we estimated the indirect infuence of 
light on seed differentiation through its direct infuence on the maternal plants. Studies 
were performed by evaluating the dependence of germinability/dormancy on the light 
conditions under which seeds differentiated. These experiments were performed on plants 
grown under white light or under polychromatic lights with a dominance of either blue or 
red components. The type of light infuenced seed maturation differentially, evidencing a 
direct, dose-related effect of the red light on seed dormancy. In agreement with previous 
studies [28], the complete absence of light induced a deep skotomorphogenetic state of the 
ovary that retained a residual photosynthetic potential that was ready to perform (Figure 1 
and Table 1). This physiological state is associated with the development of seeds with an 
unlocked dormancy. On the contrary, the absence of only one type of light (red or blue) 
allowed us to observe the differential effects on the seed dormancy that increased when 
the red component increased. Consequently, the altered dormancy in seeds developed 
under dark conditions (etiolation) or unbalanced light can be directly associated with the 
missing red component of photosynthetically active radiation (Figure 5). Considering that 
dormancy is also absent in seeds developed under blue light, i.e., under a negligible red 
component, in this species, seed development and maturation seem to take place by sensing 
the environment through the presence/absence of red light. These properties are very 



Seeds 2022, 1 161 

informative and provide direct evidence for a perception of light strictly localized in the 
photosynthetic parenchyma of the capsules rather than in the leaves. This is not surprising 
when considering that, ontogenetically, the fower’s carpels directly derive from leaves 
and are expected to be similarly infuenced by light. N. tabacum is a positive photoblastic 
species with small seeds [33]. In natural environments, seeds are released from the capsule 
into the soil, penetrating easily into it. In these conditions, red light, unlike other regions 
of visible light, can still reach the seed, explaining the observed responsiveness to the red 
light and its perception through phytochromes. 

Systemic processes related to red-light perception are known to take place in leaves 
and to depend on the phytochrome [34]. Consistently, the ovarium’s carpels are typically 
characterized by a fully functional photosynthetic parenchyma, and they, like leaves, are 
expected to depend on stimuli/stressors from red light [35], at least with respect to seed 
maturation. Further data analyses presented here also evidence the direct infuence of 
the red light at 666 nm rather than of the other phytochrome-sensitive component in the 
far-red region at around 730 nm (Figure 5). This observation and the related fndings 
are strictly dependent on phytochrome activation rather than on its inactivation or both. 
Consequently, during tobacco seed maturation, the multi-factor processes creating seed 
dormancy do not occur according to the reciprocity law. Moreover, seed maturation in 
tobacco depends on the dose of red light on the ovarium’s carpels and is responsive only to 
phytochrome activation, indicating that it operates under dose-effect regimes typical for 
high-irradiance responses. 

Being synthesized during seed development, phytochromes mediate between environ-
mental stimuli/stressors and germination, acting indirectly through the levels of hormones 
and directly by gene regulation mechanisms. According to this last point, it has been 
known for a long time that phytochromes mediate germination responses on the basis of 
the red/far red ratio occurring during seed development [20,36]. This is possibly due to 
the phytochromes’ properties, sensitivity to environmental stimuli/stressors, and their 
direct/indirect ability to infuence germination [37]. Accordingly, depending on the light 
quality received by the fruit during seed maturation [38], phytochromes can be found 
in their inactive red-absorbing form (Pr) or in their active far-red-absorbing form (Pfr). 
In this respect, these biliproteins are well known for directly regulating the germination 
responses to light [39], but particularly for acting indirectly by up-regulating the conversion 
of inactive gibberellins into bioactive ones, hence, stimulating germination [40,41]. Phy-
tochromes are also associated with the catabolism of abscisic acid, hence, they also promote 
germination and reduce dormancy [42]. The levels of these two hormones were found to 
change in N. tabacum seeds developed in the absence of light [28], and, in the present work, 
similar hormone-related differences were expected between similar germination profles 
and the light quality. Importantly, not only did the germinative behavior in etiolated seeds 
confrm previous fndings, but it was restricted to increasing doses of red light that caused 
progressive phytochrome activation. 

In conclusion, the mechanism of light in phytochromes suggests the specifc involve-
ment of these photoreceptors in mediating light signals in the fruit parenchyma, most 
likely by means of hormone variations, fnally resulting in a direct infuence on seed 
maturation. Accordingly, the present study provides direct evidence for similar, primary 
photo-regulatory mechanisms in the ovarium’s carpel and leaves and suggests a light-
mediated environmental infuence on seed maturation in tobacco plants. 

Supplementary Materials: The following supporting information can be downloaded at: https: 
//www.mdpi.com/article/10.3390/seeds1030014/s1, Table S1: Time course values when a given 
germination stage is reached. 
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