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Abstract: In strawberry (Fragaria X ananassa Duch.) breeding programs, seed dormancy adversely
affects germination, resulting in delayed seedling emergence and low germination rates. This study
investigated the best solution to enhance strawberry seed germination both in terms of efficiency
and timing by evaluating the effect of three key factors: genotype, pre-sowing treatment, and
germination medium. Chemical scarification treatment with the sulfuric acid of seeds from three
different genotypes was optimized; treated seeds were placed to germinate on three germination
media (Murashige and Skoog medium, peat, and filter paper) in a growth chamber. Seedlings
obtained were acclimatized for evaluating post-acclimatization survival rate and possible phenotypic
differences regarding seedling development. Chemical scarification treatment produced the best
results, with germination rates of around 100% and the highest speed of germination compared to the
not-treated controls. Indeed, more than 90% of the seeds germinated 14 days after sowing, regardless
of the genotype or germination medium tested. Seedlings germinated on filter paper gave the poorest
performances in terms of post-acclimatization survival rate and showed lower average plant height.
In conclusion, it was demonstrated that excellent germination rates can be achieved through proper
seed scarification, which is not genotype dependent; furthermore, when this method is combined
with the correct germination medium, excellent seedling quality can be achieved.

Keywords: Fragaria x ananassa; plant tissue culture; gamic propagation; chemical scarification;
seed dormancy

1. Introduction

Strawberry fruits are currently consumed all over the world due to their highly
appreciated taste and aromatic profiles; moreover, they belong to the broader category
of small fruits that are recognized by the scientific community as an important source of
vitamins, minerals, and antioxidants which have beneficial effects on consumers” health [1].
Strawberry consumption has increased significantly over the last decade [2] together with
consumer demand for a qualitatively superior product, both from an organoleptic and
nutraceutical point of view [1,3]. In this evolving context, farmers rely on scientific research
to provide them with technical and scientific means to cope with the current socio-economic
and climate change impacts on the entire sector. The answer to these challenges can be
achieved through the development of new, low-impact cultivation techniques that give
better results in terms of quality and yield of production, adapted to the different cultivation
systems [4], and through the development of new strawberry cultivars that are genetically
advanced, resilient, and able to adapt to the environmental and cultural changes in the
new millennium by using traditional and new breeding techniques [5]. Genetic studies
on seedling populations are now essential for identifying genes that control traits that are
important for strawberry breeding [5-7] but also open the possibility of obtaining F1 hybrid
lines that can be propagated by seeds [8].
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In recent years, in addition to public strawberry breeding programs affiliated with
research institutions and/or universities, a diversification of breeding lines on this species
has been observed due to the implementation of several private breeding programs carried
out by companies of reference for the strawberry nursery and/or production sector [9].
This change has increased the number of cultivars licensed annually and has expanded the
varietal offer, differentiating varieties by market sectors and increasingly distinguishing
them through registered trademarks [10]. Thus, it is necessary to improve all the critical
steps in a breeding program to make the whole process efficient, from the production of
new genotypes, to their evaluation, selection and their long-term conservation for future
progress in breeding programs [11,12]. One of the crucial initial steps for strawberry
breeding is the process of controlled hybridization. Problems in this phase often arise
from the interaction of several factors, including the viability of the pollen to be used as
a male parent [13-15], gametic incompatibility between the pollen and the gynoecium of
a different genotype or a different genus (interspecific hybridization) [16], as well as the
growing environment of the parent plants and their agronomic quality.

The second criticality is encountered in the next step, namely the germination of seeds
obtained from controlled crossbreeding; strawberry achenes indeed present an accentuated
tegumentary dormancy that greatly affects the germination phase. The germination rate
is usually around 30%, with high-scalar seedlings sprouting [17-19]. At present, all stake-
holders, especially private institutions, are struggling to reach a high percentage of seed
germination and, in order to obtain the requested number of seedlings for a representative
breeding population, are obliged to pollinate a large number of flowers in order to obtain a
large number of seeds to be used in the in vivo germination standard procedure. Therefore,
the low germination rate contributes to increasing costs for the germination program and
also to restricting the characterization to only the low-rate germinated seedlings. This
leads to a loss of genetic variability because each seedling presents a different, potentially
superior, genotype. Scalar seedling emergence, on the other hand, results in the evaluation
of seedlings with different vegetative development [18-20].

Several research groups have already evaluated and validated different methods,
which are more or less efficient, to overcome seed dormancy that were mainly based on
either chemical or mechanical scarification processes. This method consists of removing
or weakening the outer tegument of seeds, allowing them to be imbibed with water and
promoting germination [21].

Concerning physical /mechanical methods of scarification, seeds have been subjected
to cold treatments [22,23], exposure to light [18], and cutting of achenes [24], while
the best results obtained through chemical scarification were produced by the use of
sodium hypochlorite (NaClO) [25,26], hydrochloric acid (HCI) [24,27], and sulphuric acid
(H,S04) [17,28-30].

Tegument dormancy affects the germination of strawberry seeds due to the outer
hard shelter, which can be removed by several techniques to facilitate the germination. El
Hamdouni and collaborators [31] used chemical treatment in the achenes of two commercial
cultivars which were subjected to different treatments, such as scarification with HySO4
(36N), hydrogen peroxide for different timings (from 5 to 60 min), tegument cutting, and
light scarification with H,SO4 (1N). Finally, all treated embryos were isolated and placed
to germinate on a Murashige and Skoog (MS) medium free of hormones. The highest
germination rate was obtained by scarifying seeds with H,SO, (36N), demonstrating, along
with the treatments involving lesioning or complete removal of the outer integument, the
effect of the scarification protocols on strawberry achene dormancy. From these treatments,
in addition to maximizing the germination rate, germination time was significantly reduced
by up to 50%.

Another important aspect to be considered is the growing medium to be used in
germination trials; there are many different substrates that are useful for germination and
they are referred to under the generic term of “Growing media”. A distinction is made
between paper, sand, and other materials, such as organic mixtures of peat, sand, perlite, etc.
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It is important to use the culture medium that best reflects the parameters of water retention,
pH, and conductivity specific to the species, and it must also meet the prerequisites of
cleanliness and harmlessness [32,33].

The use of in vitro growing media for strawberry seed germination has also been
evaluated by some researchers as a valuable option for more standard substrates. Miller and
collaborators [24] increased the germination rate up to 100% and decreased the germination
delay by longitudinal cutting of achenes on Murashige and Skoog (MS) medium free of
plant growth regulators (PGRs). This technique was particularly efficient from the point of
view of germination rate but much too laborious for the cutting of the achenes.

Hongxiang and collaborators [32] adopted the same technique of removing the outer
integument of the achenes by cutting and germinating them in vitro or on moist filter
paper. Again, the best results were obtained through in vitro germination on MS media.
In this study, different concentrations of PGRs were used and an almost 100% germi-
nation rate was obtained. The different germination rates observed were imputed to be
genotype dependent.

The current private and small breeding programs for the genus Fragaria require stan-
dardized and effective seed scarification and germination protocols that enable a high
germination percentage to be achieved with short germination times without the need for
particularly expensive facilities and equipment. This study investigated the best solution,
also on a technical-practical level, to achieve these results using repeatable methodologies
and readily available materials. In particular, we investigated the efficiency and practicality
of using some of the commonly used culture media for strawberry seed germination, com-
paring them with an in vitro substrate. The combination of chemical scarification combined
with in vitro germination seems to positively influence the results in terms of germination
rate and speed of germination on the strawberries genotypes tested.

2. Materials and Methods
2.1. Mother Plant Material and Seed Source

Seeds derived from the open pollination (OP) of three advanced breeding selections,
called 68, 71 and 97, of strawberry (Fragaria X ananassa Duch.) were used for the experi-
mental trials. These plants were obtained through the D3A breeding program of Marche
Polytechnic University (UNIVPM), Italy, and grown in single plots (eight plants per plot)
at the field of the Didactic-Experimental Farm “Pasquale Rosati”, UNIVPM, located in
Agugliano (Ancona, Italy), about 20 km away from the sea and at an altitude of 46 m above
sea level. Genotypes 68 and 71 are both June-bearing advanced selections from the D3A
strawberry breeding program. These two selections are late-ripening genotypes originated
from crosses, including commercial cultivars, combined with advanced selections of the
same breeding program. Genotype 97 is an advanced everbearing selection produced by
the same breeding program.

Mature fruits derived from open-pollinated flowers of these three genotypes were
harvested during the spring season of 2022 and subsequently grinded using a blender to
extract seeds from the pulp. Seeds were collected by decanting them in a 500 mL beaker
with water to allow for the efficient separation of the achenes from the receptacle and
to assess their function and viability through water. This is possible because the viable
achenes will be deposited on the bottom of the beaker as a result of decanting while the
not-vital (lighter) ones will remain in suspension and thus can be easily removed [33,34].
The seed extraction protocol was repeated for each crossing combination. The achenes were
allowed to dry on adsorbent paper for 24 h, thus preventing the possible development of
fungal diseases, then placed in 5 mL Cryo.s™ Freezing Tubes and refrigerated at 4 °C for
11 months before use in germination trials.

2.2. Seed Scarification and Sterilization Protocol

Seeds from the three genotypes were dehydrated in a methacrylate desiccator with
quartz salts for 2 days at +4 °C before the pre-sowing treatments. Once the humidity of
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the seeds was stabilized (3—4% R.U.), they were placed in cold storage at 4 °C in closed
Cryo.s™ Freezing Tubes for 1 week. A portion of the extracted seeds were treated with a
pre-sowing scarification using glass Erlenmeyer flasks containing a concentrated sulfuric
acid solution (H,SO4 from 95% to 97%), with enough volume to cover the whole surface of
the seeds, and placed in continuous agitation at 100 rpm for 35 min.

In this stage, the Erlenmeyer flasks were positioned in an ice bath to prevent undue
heat transfer resulting from the exothermic reaction. Subsequently, the seeds underwent
a 1 min rinsing under flowing water followed by treatment with a calcium hydroxide
(Ca(OH);) solution (5 g L) to stabilize their pH. This treatment occurred in a beaker with
continuous stirring for 5 min. Afterward, the seeds were subjected to a 1 min wash under
running water and immersed in distilled water for 20 min.

Finally, all seeds, including the not-scarified seeds (control), were sterilized by soaking
in 15 mL falcons with 10% sodium hypochlorite (NaClO) solution for 20 min and then rinsed
for four washes with sterile milli-Q water for one, five, and ten minutes, respectively. This
was followed by a fourth 5 min wash; then, seeds were sown on the different germination
media (GM) described in the next paragraph.

2.3. Seed Germination Experimental Design

After the sterilization protocol, scarified and not-scarified OP-derived seeds of the
selections 68, 71 and 97 were placed on three different GM (A, B, C), following International
Seed Testing Association (ISTA) guidelines [31], to evaluate their germination efficiency.
GM-A consists of an in vitro substrate based on MS salt and vitamins [35]; GM-B is a
filter paper (Whatman® quantitative filter paper, ashless, Grade 41, Merk Life Science
S.rl, Milan, Italy) that is often used for germination tests of different species; GM-C is
made of a fine mixture (0-5 mm) of black peat and blond peat (Traysubstrat-Klasmann,
Klasmann-Deilmann GmbH, Emsland, Germany) that is used in in vivo germination tests
(Figure 1).

Strawberry achenes from
/ OP genotypes (68-71-97) \
SCARIFIED NOT-SCARIFIED
(H2S0,) (Control)

@ |Sterilization protocol| @

‘ MS in vitro medium ‘

Figure 1. Experimental design of the germination trial. All genotypes, scarified and not-scarified
(control), were subjected to the sterilization protocol before sowing in the different GM (A-C).

Scarified and not-scarified seeds were placed to germinate directly in a growth cham-
ber equipped with white, fluorescent tubes (70 pmol/m?/s) at a temperature of 24 & 1 °C,
which is optimal for the germination stage [28], and with a 16 h photoperiod of light. Three
independent experiments were conducted for each condition. Data on seed germination
efficiency and speed of germination were acquired weekly for each condition for a period
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of 42 days. Seed germination efficiency was expressed as the (number of germinated
seeds/total sowed seeds) x 100. The time of seed germination was also acquired starting
from T1 (7 days after sowing). A seed was considered to be germinated when its radicle
reached a length greater than 1 mm.

2.4. In Vitro Seed Germination

Scarified and not-scarified OP seeds for each of the three seedling populations, 68,
71, and 97, were placed to germinate on GM-A composed of MS salts and vitamins [35]
supplemented with 30 g L~! sucrose and 7 g L~! plant agar (Duchefa Biochemie, Haarlem,
The Netherlands). The pH of the medium was adjusted to 5.7-5.8 with potassium hydroxide
(KOH). GM-A was autoclaved at 121 °C for 15 min and then poured into 9 cm-diameter
Petri dishes. Scarified and control seeds for each genotype were distributed in six Petri
dishes (25 seeds per plate) to germinate for a total of 150 seeds per genotype and condition.

2.5. Filter Paper Seed Germination

Scarified and not-scarified OP seeds of the three genotypes were sowed onto singular
sterilized 90 mm-diameter Whatman® filter paper disks (GM-B). The disks were placed in
9 cm-diameter Petri dishes and imbibed with 2 mL of sterile milli-Q water each. The same
number of seeds described for GM-A were distributed on Petri dishes after the sterilization
protocol. GM-B moisture was re-established weekly by supplementing 400 uL of milli-Q
water per Petri plate, avoiding the dehydration of paper disks.

2.6. Seed Germination on Peat

Scarified and not-scarified OP-derived seeds of the three genotypes were placed to
germinate in clear food-grade plastic containers filled with peat substrate (GM-C) (traysub-
strat 70 1t seeding substrate- Klasmann-Deilmann GmbH, Germany) that were previously
autoclaved at 121 °C for 15 min.

Each container was filled with 200 g of GM-C and sieved through a 4 mm mesh sieve,
taking care to make the seeding surface as uniform as possible; then, 25 seeds per container
were arranged in lines of five seeds and sprayed with 25 g of sterile milli-Q water. All
containers of the different treatments were placed to germinate in the growth chamber
under the same conditions described above.

2.7. Acclimatization of Seedlings and Phenotyping

Two weeks after the last data collection, and 56 days after sowing, 20 plants for
each population and condition (scarified or not) were acclimatized in 60-hole honeycomb
trays to assess their post-acclimatization survival rate and the height of seedlings. We
selected only 20 plants to have the same amount of seedlings for each condition, GM, and
genotype. The acclimatization process was carried out in a heated tunnel with a constant
temperature of between 23 and 25 °C and relative humidity at saturation for the first week.
After acclimatization, a fungicide treatment with Previter was carried out, respecting the
doses reported on the label regarding treatments on seedlings. Data on plant height were
collected for 10 seedlings per each condition and population; the height of the plants was
measured starting from the crown at the ground level to the end of the peduncle of the
most developed leaf. Phenotypic data were collected at three different intervals, with the
first one being 25 days after acclimatization (T1), followed by 40 days (T2), and 55 days
(T3) after acclimatization. The survival rate was calculated as the number of plants that
survived at T3.

Data collection after acclimatization was performed considering a single plant as a
replicate, and the phenotype parameters were analyzed to create an average of all genotypes
for each condition at the three different time intervals (T1, T2, T3).
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2.8. Statistical Analysis

All data acquired from each trial were analyzed to observe the differences and relations
between genotype, scarification treatment, and GM compared to not-scarified seeds by
using one-way ANOVA through the software Statistics 7 (Statsoft, Tulsa, OK, USA), and
the averages were separated by a Duncan’s Test (p < 0.05).

3. Results
3.1. Effect of Scarification Protocol and Germination Medium on the Germination Rate of Different
Breeding Populations

The scarification protocol was carried out on seeds of three different populations of
Fragaria x ananassa advanced breeding selections (68, 71, 97), which were then sterilized
before being placed to germinate on the different germination media (GM): (A) MS in vitro
medium; (B) Whatman® filter paper; (C) peat. Results in terms of germination efficiency
and speed of the germination of scarified seeds were compared with those of not-scarified
(but only sterilized) seeds (controls) sown on the different GM. For each genotype and
condition, germination efficiency was tested by six replicates of 25 seeds each (150 seeds in
total). In general, a significant difference was observed between the scarified (condition
n. 1) and not-scarified seeds (condition n. 2) for all genotypes, regardless of the GM used
(Figure 2). A germination rate of above 95% was observed for all scarified seeds regardless
of the breeding population and GM used. Meanwhile, concerning the not-scarified seeds,
statistically significant differences were observed. In particular, the breeding population
68 (blue histograms in Figure 2) showed the best germination efficiency in all GM, with
the highest rate being obtained when seeds were sowed on GM-C2 (97%) (similar to the
germination efficiency observed for scarified seeds), followed by GM-B2 (64%) and GM-A2
(13%). The breeding population 97 showed the lowest germination rate in all three GM
when seeds were not scarified. In general, the GM that induced the lowest germination rate
for not-scarified seeds in all three genotypes was A2 (MS in vitro medium), which led to
13% germinated seeds for the genotype 68 and 1% for the other two genotypes (71 and 97).

a a a a 2. 2 Augang 3
. : I
m68
b m71
= 97
(¢
T
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Figure 2. Data on seed germination efficiency for scarified and not-scarified seeds belonging to the
three different breeding populations (68, 71, 97) sowed on the different GM. Germination percentage
of scarified seeds on (A1) MS in vitro medium; (B1) Whatman® filter paper; (C1) peat. Germination
percentage of not-scarified seeds on (A2) MS in vitro medium; (B2) Whatman® filter paper; (C2)
peat. Results are expressed as the (number of germinated seeds/total sowed seeds) x 100 at 42 days
after sowing for each different genotype. One-way ANOVA was used to analyze the data. Different
letters show significant differences at p < 0.05 by Ducan’s test (1 = 150). Each value represents the
mean = standard deviation of six independent replicates for the three different genotypes.
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The scarified seeds sown on the three GM (A1, B1, C1) already started to germinate 7
days after sowing (T1), with a higher germination efficiency and speed of germination being
seen compared to not-scarified ones, with more than 90% germinated seeds at 14 days after
sowing (T2). The not-scarified seeds started to germinate at T2 when sowed on GM-C2 and
GM-B2. At 21 days after sowing (I3), peat medium (GM-C2) led to the higher germination
efficiency (34%) and speed of germination of not-scarified seeds compared to the other
substrates. GM-B2 reached similar germination efficiency (32%) at 42 days after sowing
(T6) (Figure 3).

100%
90%
80%
70%
60%
50%

40%
30%

Germination percentage

20%
10%
0%
TO T1 T2 T3 T4 1] T6
Time

— AL B1 C1 A2 e————=B)  e—C2

Figure 3. Germination efficiency and the speed of germination of scarified and not-scarified seeds
sowed on different GM. Germination percentage of scarified seeds on (A1) MS in vitro medium; (B1)
Whatman® filter paper; (C1) peat. Germination percentage of not-scarified seeds on (A2) MS in vitro
medium; (B2) Whatman® filter paper; (C2) peat. Results are expressed as the (number of germinated
seeds/total sowed seeds) x 100 from the sowing (T0) to the last data collection, 42 days after sowing
(T6). The graph represents the average number of germinated seeds of the three genotypes (1 = 450).

3.2. Post-Acclimatization Survival Rate

Following germination, where possible, 20 seedlings for each genotype and condition
were acclimatized. For population 97, a lower number of seedlings were acclimatized
from not-scarified seeds for all three GM (A2, B2, C2) because only a small number of
seedlings were germinated from the 150 total sowed seeds. For population 97, the following
seedlings were acclimatized: two seedlings from GM-A2, three seedlings from GM-B2, and
17 seedlings from GM-C2. For the genotype 71, only a low number of seedlings (three
seedlings) were germinated on GM-A2; for all other conditions, a standard number of
20 seedlings was acclimatized.

Due to this low number of seedlings obtained for some genotypes in specific experi-
mental conditions, an average analysis of the three genotypes was carried out, being only
used to evaluate the effect of scarification and GM on the survival rate of seedlings post-
acclimatization. As shown in Figure 4, with seedlings from the A1, C1 and C2 conditions,
an average survival rate of 100% was obtained. Meanwhile, an average survival rate of
92% was obtained for A2, which was not a significantly different rate from the previous
three. The lowest survival rate was obtained for seedlings germinated on GM-B, which
corresponds to Whatman® paper filters, being precisely 82% for seedlings derived from
scarified seeds and 72% for those derived from the not-scarified ones.
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Figure 4. Survival rate post-acclimatization of seedlings from three genotypes. The graph represents
the average of three populations in all conditions. Seedlings from scarified seeds germinated on
(A1) MS in vitro medium; (B1) Whatman® filter paper; (C1) peat. Seedlings from not-scarified
seeds germinated on (A2) MS in vitro medium; (B2) Whatman® filter paper; (C2) peat. Results are
expressed as the (number of survival seedlings/total acclimatized seedlings) x 100 at 55 days after
acclimatization. One-way ANOVA was used to analyze the data. Different letters show significant
differences at p < 0.05 by Ducan’s test (n = 60). Each value represents the mean =+ standard error of
20 independent plantlets.

3.3. Phenotypic Characterization of Acclimatized Seedlings

In addition to the post-acclimatization survival rate, data were also collected on the
phenotype of seedlings at 25 days (T1), 40 days (T2), and 55 days (T3) post-acclimatization
specifically on the height of the most developed leaf for ten seedlings for each condition.
Data were collected on the total number of seedlings obtained from the acclimatization
stage. Notably, for population 97, no seedlings derived from not-scarified seeds sowed
on GM A and B survived to the acclimatization phase; thus, we could not evaluate the
differences between genotypes, and only the average height of the three genotypes together
was evaluated. In Figure 5, the total average height of the three genotypes is shown. At
T1 (25 days after acclimatization), the highest height was noted for seedlings germinated
on C1 (4.9 cm), significantly different from the other conditions and GM. C1 was followed
closely by Al, C2, and A2, with an average height of 3.8 cm for the first two conditions and
3.1 cm for the third one. A lower average height was obtained from seedlings germinated
on GM B, from both scarified and not-scarified seeds, resulting in the GM with the worst
performance (Supplementary Figure S1). Looking at the averages of heights collected at
T2 and T3 (orange and gray histograms), it can be seen that seedling height increased in
all GM and for both scarification treatment and control. At T3, the highest average height
was recorded for seeds from Al and Cl1, both leading to an average seedling height of
11.9 cm with no significant differences. For not-scarified seeds, seedlings from A2 and C2
showed the highest mean height values of 9.7 cm and 10.8 cm, respectively, with significant
differences being seen between the two conditions.



Horticulturae 2024, 10, 1345

90of 13

14

a a
g
_ 12 T N I .tl’.
E 10 T $ =
2 I
© d d
2 3 I I
= e
5 e S I
o 4
- ° R
o —_
v g g
g 4 3 gh
9 h
> T
T
< 2 L ? 1
i
| |
0
Al B1 c1 A2 B2 c2
Treatments

HTl EHT2 mT3

Figure 5. Average of plant height post-acclimatization. Seedlings from scarified seeds germinated
on (A1) MS in vitro medium; (B1) Whatman® filter paper; (C1) peat. Seedlings from not-scarified
seeds germinated on (A2) MS in vitro medium; (B2) Whatman® filter paper; (C2) peat. Results are
expressed as the average among three genotypes at 25 days (T1), 40 days (T2), and 55 days (T3) post-
acclimatization. One-way ANOVA was used to analyze the data. Different letters show significant
differences at p < 0.05 by a Ducan’s test (n = 60). Each value represents the mean =+ standard error of
20 independent plantlets.

4. Discussion

Seeds of the species Fragaria x ananassa and those of related ones are characterized
by a poor germination capacity caused by tegumentary dormancy due to the presence of
the esocarp [21,25,33,36,37]. This issue is keenly felt in breeding programs where genetic
variability resulting from controlled hybridizations needs to be explored. To do so, it is
necessary to achieve a high number of seedlings from each cross combination to allow
us to visualize all the genetic variabilities expressed [38,39]. To achieve a high germina-
tion rate while trying to concentrate it in a short time scale, various chemical or physical
seed scarification treatments are used to remove the outer tegument facilitating imbibi-
tion [15,19,22-24,28]. These seed pretreatments have a positive effect on germinability,
with the most widely used and effective being chemical scarification with HySO, sulfuric
acid [25].

Seeds, once scarified, must be placed in the best environmental conditions to promote
rapid germination and further development. In current breeding programs, the aim is
to obtain a high number of seeds in each cross combination to mitigate the expected low
germinability [38,40]. Therefore, research and standardization of an efficient and easy-to-
implement scarification and germination protocol is essential, even in farm settings that
lack special equipment, such as a micropropagation laboratory. In the present experiment,
the application of a standardized scarification protocol and subsequent germination on
different culture media, including MS medium without phytoregulators (MSO0), which is
considered the best GM in terms of germination speed and rate [29,32], allowed for clear
and expendable results in private breeding programs, ensuring a high germination rate
(close to 100%) and uniform seedling emergence. This provides a high number of seedlings
derived from controlled crosses using a small seed lot, thus offering the possibility to
explore all the genetic variability produced in the different crossing combinations.

Furthermore, this study set out to investigate which was the best GM to use in the
critical seed germination stage, utilizing the in vitro MSO medium as the reference GM
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since it is considered one of the most efficient germination substrates [24,32]. It was
compared with filter paper (GM-B), mainly used in germinability tests of different species
(according to ISTA protocols and/or in general for seed viability tests [30]), and with
peat characterized by species-specific pH and Electro conductivity and a fine grain size
(GM-C) which allows for close contact between the seed surface and peat particles. From
the results obtained, it was noted that seed scarification treatment with H,SOj positively
influenced germination rate; indeed, scarified seeds of all three genotypes expressed a
high germination rate in all three GM without showing statistically significant differences
between the GM or among the genotypes (Figure 2). The influence of the GM and genotypes
has been observed in seeds not subjected to the scarification pretreatment; indeed, it was
possible to visualize statistically different germination efficiency among the three distinct
GM and the three genotypes.

The GM that led to the best average germination rate and fastest seedling emergence
among the not-scarified seeds of all three genotypes was substrate C, corresponding to
the peat mixture. In contrast, the best-performing genotype among the not-scarified seeds
was 68 regardless of the GM used; this genotype corresponds to an advanced June-bearing
selection belonging to the D3A breeding program, UNIVPM.

At the germination stage, it was confirmed that a temperature set at 24 + 1 °C was
optimal for seed germination with all three GM exploited [28], with a 16 h photoperiod
at an intensity of 70 umol/m?/s. These conditions promoted the rapid germination of
the different seed pools in all three GM (Figure 6); therefore, it has been shown that
environmental conditions must be optimal to achieve a high germination rate in a short
time [28].

Figure 6. Germination of a scarified seed pool belonging to genotype 71 at three different time intervals
and on the three different GM. T1 = 7 days after sowing; T2 = 14 days after sowing; T4 = 28 days after
sowing. A = MS in vitro medium; B = Whatman® filter paper; C = peat.

Therefore, the present scarification and germination protocol, developed by modifying
the protocol described in Pergolotti et al. [41], can contribute to the efficiency of the seed
germination process in small and large breeding programs. Furthermore, it can be exploited
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for other purposes, such as the production of strawberry plants from seeds [42], avoiding
the use of expensive facilities and /or equipment, and consequently also avoiding the use
of specialized manpower, as is the case for micropropagation laboratories. Although the
in vitro substrate led to a more rapid germination response, we observed that placing scari-
fied seeds to germinate under favorable environmental conditions resulted in a timely and
efficient response with no significant difference among the three genotypes and GM tested.

Problems were found in the post-germination stages for seeds sowed on filter pa-
per (GM-B) for both the scarified and control seeds. This response is probably due to the
absence of a real substrate, which is necessary for root support during seedling germina-
tion and growth, and the lack of nutrients, as there was an absence of micro and macro
elements that are essential for the development of plantlets. In fact, this type of GM is
usually exploited for germinability tests on seed stocks and not for the germination and
development of seedlings [30]. Finally, it was observed that the genotype influenced germi-
nation success rates only when seeds were not scarified, as already reported in previous
studies [14,25,29,38]. Among not-scarified seeds of the three genotypes, 68 was found to
have the highest performance in all the GM, followed by genotype 71. Not-scarified seeds
from genotype 97 showed the poorest performance of all three GM; this could be due to
the different genetic bases, which could somehow affect the physiological processes during
germination or achene frigo-storage pretreatment.

All seedlings obtained were acclimatized in tunnels at constant temperature and
saturation humidity. Following this stage, measurements of plant height were carried out
and showed significant differences based on the GM used for seed germination. The GM
that led to the worst results, both in terms of survival rate and height of the plant, was
substrate B, corresponding to filter paper, probably due to the reasons mentioned above.
The other two GM produced significantly better results, with the best performance being
obtained from seedlings germinated on substrate C, corresponding to peat, indicating a
better vegetative development of the seedlings.

In conclusion, the scarification and germination protocol developed in this trial effec-
tively maximized the germination efficiency of strawberry seeds, mitigating the influences
of genotype and germination media. However, for optimal results aimed at high uniformity
and vigor in seedlings, it is essential to utilize germination media capable of sustaining
germination and subsequent vegetative growth. To achieve this goal without incurring
in excessive costs associated with specialized facilities, the most effective approach is
employing the scarification protocol followed by in vivo germination using a peat-based
germination medium in a controlled environment.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae10121345/s1, Figure S1: Acclimatisation of plantlets derived
from seeds germinated on Whatman® filter paper.

Author Contributions: Conceptualization, S.S., E.C. and B.M.; methodology, G.G., M.M., V.P. and
FM.; validation, G.G., M.M., V.P. and EM,; investigation, G.G., M.M., V.P. and EM.; resources, B.M.;
data curation, S.S., FE.C., B.M. and G.G.; writing—original draft preparation, G.G.; writing—review
and editing, all authors; supervision, S.S., F.C. and B.M.; project administration, B.M. All authors
have read and agreed to the published version of the manuscript.

Funding: We gratefully acknowledge financial support by Geoplant s.r.l. and BreedingValue
project—European Union’s Horizon 2020 research and innovation program under grant agreement
No. 101000747.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflicts of interest.


https://www.mdpi.com/article/10.3390/horticulturae10121345/s1
https://www.mdpi.com/article/10.3390/horticulturae10121345/s1

Horticulturae 2024, 10, 1345 12 of 13

References

1.  Mezzetti, B.; Balducci, F; Capocasa, F.; Zhong, C.-F,; Cappelletti, R.; Di Vittori, L.; Mazzoni, L.; Giampieri, F; Battino, M. Breeding
Strawberry for Higher Phytochemicals Content and Claim It: Is It Possible? Int. J. Fruit Sci. 2016, 16, 194-206. [CrossRef]

2. FAO. 2021. Available online: https:/ /www.fao.org/food-agriculture-statistics/en/ (accessed on 12 December 2023).

3. Predieri, S,; Lippi, N.; Daniele, G.M. What Can We Learn from Consumers’ Perception of Strawberry Quality? Acta Hortic. 2021,
1309, 987-994. [CrossRef]

4. Giampieri, F; Mazzoni, L.; Cianciosi, D.; Alvarez-Suarez, ].M.; Regolo, L.; Sanchez-Gonzalez, C.; Capocasa, F; Xiao, J.; Mezzetti,
B.; Battino, M. Organic vs. Conventional Plant-Based Foods: A Review. Food Chem. 2022, 383, 132352. [CrossRef] [PubMed]

5. Nerva, L.; Dalla Costa, L.; Ciacciulli, A.; Sabbadini, S.; Pavese, V.; Dondini, L.; Vendramin, E.; Caboni, E.; Perrone, I.; Moglia, A.;
et al. The Role of Italy in the Use of Advanced Plant Genomic Techniques on Fruit Trees: State of the Art and Future Perspectives.
Int. ]. Mol. Sci. 2023, 24, 977. [CrossRef]

6. Prohaska, A Petit, A.; Lesemann, S.; Rey-Serra, P.; Mazzoni, L.; Masny, A.; Sanchez-Sevilla, J.F.; Potier, A.; Gaston, A,;
Klamkowski, K.; et al. Strawberry Phenotypic Plasticity in Flowering Time Is Driven by the Interaction between Genetic Loci and
Temperature. . Exp. Bot. 2024, 75, 5923-5939. [CrossRef] [PubMed]

7. Rehman, A.U,; Iso-Touru, T.; Junkers, J.; Rantanen, M.; Karhu, S.; Fischer, D.; Alsheikh, M.; Hjeltnes, S.H.; Mezzetti, B.; Davik, J.;
et al. Multi-Model GWAS Reveals Key Loci for Horticultural Traits in Reconstructed Garden Strawberry. Physiol. Plant. 2024, 176,
€14440. [CrossRef] [PubMed]

8. Mochizuki, T.; Mori, T.; Kohori, J.; Kitamura, H.; Inokuchi, T.; Kato, I.; Sone, K.; Ishikawa, M.; Maeda, F.; Fukami, M.; et al.
“Yotsuboshi’, a New F1 Hybrid Strawberry of Seed Propagation Type for Year-Round Production. Acta Hortic. 2017, 1156, 53-60.
[CrossRef]

9.  Senger, E.; Osorio, S.; Olbricht, K.; Shaw, P.; Denoyes, B.; Davik, J.; Predieri, S.; Karhu, S.; Raubach, S.; Lippi, N.; et al. Towards
Smart and Sustainable Development of Modern Berry Cultivars in Europe. Plant J. 2022, 111, 1238-1251. [CrossRef]

10. Mezzetti, B.; Giampieri, F; Zhang, Y.T.; Zhong, C.F. Status of Strawberry Breeding Programs and Cultivation Systems in Europe
and the Rest of the World. J. Berry Res. 2018, 8, 205-221. [CrossRef]

11. Panis, B.; Nagel, M.; Van den houwe, 1. Challenges and Prospects for the Conservation of Crop Genetic Resources in Field
Genebanks, in In Vitro Collections and/or in Liquid Nitrogen. Plants 2020, 9, 1634. [CrossRef]

12.  Bettoni, J.C; Bonnart, R.; Volk, G.M. Challenges in Implementing Plant Shoot Tip Cryopreservation Technologies. Plant Cell Tissue
Organ Cult. 2021, 144, 21-34. [CrossRef]

13.  Zebrowska, J. The Viability and Storage of Strawberry Pollen. Plant Breed. 1995, 114, 469-470. [CrossRef]

14. Evans, W.D,; Jones, ] K. Incompatibility in Fragaria. Can. ]. Genet. Cytol. 1967, 9, 831-836. [CrossRef]

15. Iyer, C.P.A.; Chacko, E.K.; Subramaniam, M.D. Ethrel for Breaking Dormancy of Strawberry Seeds. Curr. Sci. 1970, 39, 271-272.

16. Wilson, D.; Goodall, A.; Reeves, ]. An Improved Technique for the Germination of Strawberry Seeds. Euphytica 1973, 22, 362-366.
[CrossRef]

17.  Scott, D.H.; Draper, A.D. Light in Relation to Seed Germination of Blueberries, Strawberries, and Rubus. Hortic. Sci. 1967, 2,
107-108. [CrossRef]

18.  Nakamura, S. Germination of Strawberry Seeds. J. Jpn. Soc. Hortic. Sci. 1972, 41, 367-375. [CrossRef]

19. Scott, D.H. Germination of Strawberry Seed as Affected by Scarification Treatment with Sulfuric Acid. Proc. Am. Soc. Hort. Sci.
1948, 51, 299-300.

20. Yanagi, T.; Okuda, N.; Takamura, T. Germination Characteristics of Tweezer-Harvested Seeds in Strawberry Cultivars (Fragaria x
ananassa Duch.). Acta Hortic. 2006, 708, 585-590. [CrossRef]

21. Mayer, A.M.; Poljakoff-Mayber, A. The Germination of Seeds; Pergamon Press: Oxford, UK, 1989.

22. Thompson, P.A. The Use of Chilling and Chemical Treatments to Promote Rapid Germination of Strawberry Achenes. J. Hortic.
Sci. 1969, 44, 201-210. [CrossRef]

23. Borgman, H.H. The Influence of a Cold Treatment on the Germination of Strawberry Seed. Meded. Dir. Van Tuinbouw 1950,
13,13-15.

24. Miller, A.R;; Scheereus, ].C.; Erb, P.S.; Chandler, C.K. Enhanced Strawberry Seed Germination through In Vitro Culture of Cut
Achenes. J. Am. Soc. Hortic. Sci. 1992, 117, 313-316. [CrossRef]

25. Gongalves Galvao, A.; Vilela Resende, L.; Mendes Guimaraes, R.; Lopes Ferraz, A K.; Ferreira Morales, R.G.; Clock Marodin,
J.; Rodrigues Moreira Catao, H.C. Overcoming Strawberry Achene Dormancy for Improved Seedling Production in Breeding
Programs. Idesia 2014, 32, 57-62. [CrossRef]

26. Wada, S.; Kennedy, J.A.; Reed, B.M. Seed-Coat Anatomy and Proanthocyanidins Contribute to the Dormancy of Rubus Seed. Sci.
Hortic. 2011, 130, 762-768. [CrossRef]

27. Durrant, M.J.; Mash, S.J.; Payne, P.A. The Use of Hydrochloric Acid to Improve the Germination of Sugar-Beet Seed. Plant Growth
Regul. 1992, 11, 363-369. [CrossRef]

28. TIto, Y.; Maruo, T.; Ishikawa, M.; Shinohara, Y. Effects of Scarification with Sulfuric Acid and Matric Priming on Seed Germination
of Seed Propagation Type of F; Hybrid Strawberry (Fragaria x ananassa Duch.). J. Jpn. Soc. Hortic. Sci. 2011, 80, 32-37. [CrossRef]

29. ElHamdouni, E.M.; Lamarti, A.; Badoc, A. In Vitro Germination of the Achenes of Strawberry (Fragaria X Ananassa Duch.) Cvs

“Chandler” and “Tudla” (*). Bull. Soc. Pharm. Bordx. 2001, 140, 31-42.


https://doi.org/10.1080/15538362.2016.1250695
https://www.fao.org/food-agriculture-statistics/en/
https://doi.org/10.17660/ActaHortic.2021.1309.140
https://doi.org/10.1016/j.foodchem.2022.132352
https://www.ncbi.nlm.nih.gov/pubmed/35182864
https://doi.org/10.3390/ijms24020977
https://doi.org/10.1093/jxb/erae279
https://www.ncbi.nlm.nih.gov/pubmed/38938160
https://doi.org/10.1111/ppl.14440
https://www.ncbi.nlm.nih.gov/pubmed/39030778
https://doi.org/10.17660/ActaHortic.2017.1156.7
https://doi.org/10.1111/tpj.15876
https://doi.org/10.3233/JBR-180314
https://doi.org/10.3390/plants9121634
https://doi.org/10.1007/s11240-020-01846-x
https://doi.org/10.1111/j.1439-0523.1995.tb00837.x
https://doi.org/10.1139/g67-088
https://doi.org/10.1007/BF00022647
https://doi.org/10.21273/HORTSCI.2.3.107
https://doi.org/10.2503/jjshs.41.367
https://doi.org/10.17660/ActaHortic.2006.708.105
https://doi.org/10.1080/00221589.1969.11514299
https://doi.org/10.21273/JASHS.117.2.313
https://doi.org/10.4067/S0718-34292014000400007
https://doi.org/10.1016/j.scienta.2011.08.034
https://doi.org/10.1007/BF00130643
https://doi.org/10.2503/jjshs1.80.32

Horticulturae 2024, 10, 1345 13 of 13

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.
40.

41.

42.

Yadav, S.; Parihar, S.S. Seed Germination and Viability Testing-Principles and Techniques. In ICAR Sponsored Short Course; Indian
Agricultural Research Institute: New Delhi, India, 2013; Volume 205.

ISTA. Rules 2023. Available online: https:/ /www.seedtest.org/en/publications/international-rules-seed-testing.html (accessed
on 12 December 2023).

Ma, H;; Yu, G.; Wu, W.; Chen, X. Effects of achene In Vitro culture on seed germination percentage of strawberry. Jiangsu J. Agric.
Sci. 2001, 17, 87-90.

Chellapa, T. The Physiology of Strawberry Seed Germination. Ph.D. Thesis, Kansas State University, Manhattan, NY, USA, 1959.
Morrow, E.B.; Darrow, G.M.; Scott, D.H. A Quick Method of Cleaning Berry Seed for Breeder. Proc. Am. Soc. Hortic. Sci. 1954,
63, 265.

Murashige, T.; Skoog, F. A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue Cultures. Physiol. Plant. 1962,
15,473-497. [CrossRef]

Dart, S.; Kron, P.; Mable, B.K. Characterizing Polyploidy in Arabidopsis Lyrata Using Chromosome Counts and Flow Cytometry.
Can. J. Bot. 2004, 82, 185-197. [CrossRef]

Crang, R.; Lyons-Sobaski, S.; Wise, R. Plant Anatomy; Springer International Publishing: Cham, Switzerland, 2018; ISBN
978-3-319-77208-0.

Zeist, R.A.; de Resende, ].V.; Zeist, A.R.; Botelho, R.V.; Verhalem-Arantes, ].H.; Ovalles Morillo, L.A. Overcoming Dormancy of
Achenes and Physiology of Strawberry Treated with Plant Regulators. Acta Hortic. 2021, 1309, 677-684. [CrossRef]

Janick, J.; Moore, ].N. Advances in Fruit Breeding; Purdue University Press: West Lafayette, IN, USA, 1975.

Hancock, J.E; Sjulin, T.M.; Lobos, G.A. Temperate Fruit Crop Breeding; Hancock, J.F,, Ed.; Springer: Dordrecht, The Netherlands,
2008; ISBN 978-1-4020-6906-2.

Pergolotti, V.; Marcellini, M.; Contreras, E.; Mezzetti, B.; Gambardella, M.; Capocasa, F.; Sabbadini, S. Standardization of an
In Vitro Seed Germination Protocol Compared to Acid Scarification and Cold Stratification Methods for Different Raspberry
Genotypes. Horticulturae 2023, 9, 153. [CrossRef]

Bentvelsen, G.; Bouw, B. Breeding Ornamental Strawberries. Acta Hortic. 2006, 708, 455-458. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.seedtest.org/en/publications/international-rules-seed-testing.html
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1139/b03-134
https://doi.org/10.17660/ActaHortic.2021.1309.98
https://doi.org/10.3390/horticulturae9020153
https://doi.org/10.17660/ActaHortic.2006.708.80

	Introduction 
	Materials and Methods 
	Mother Plant Material and Seed Source 
	Seed Scarification and Sterilization Protocol 
	Seed Germination Experimental Design 
	In Vitro Seed Germination 
	Filter Paper Seed Germination 
	Seed Germination on Peat 
	Acclimatization of Seedlings and Phenotyping 
	Statistical Analysis 

	Results 
	Effect of Scarification Protocol and Germination Medium on the Germination Rate of Different Breeding Populations 
	Post-Acclimatization Survival Rate 
	Phenotypic Characterization of Acclimatized Seedlings 

	Discussion 
	References

