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Abstract: In response to the near-threatened status of Handroanthus impetiginosus, primarily due to
habitat loss and illegal logging, this study examines how X-ray imaging and cryopreservation
impact the seed quality and viability essential for conservation. Seeds initially had a moisture
content of 12.3%, reduced to 6.5% through desiccation. X-ray imaging allowed detailed visualization
of internal structures, identifying seeds as normal, abnormal, or dead based on damage and
development. Normal seeds consistently germinated and produced healthy seedlings, while those
with internal damage or excessive desiccation either resulted in abnormal seedlings or did not
germinate. Various cryopreservation treatments were tested, including storage at -80°C and liquid
nitrogen immersion (LN), with and without vitrification solutions (PSV2; PVS3; PSV2 + 1%
phloroglucinol; PSV3 + 1% phloroglucinol). Results indicated that immersion in LN without
cryoprotectants achieved the highest germination and seedling viability, whereas vitrification
solutions, such as PVS2 and PVS3, negatively affected germination. The study demonstrates that X-
ray imaging is an effective tool for assessing seed quality and detecting internal damage, while
cryopreservation without cryoprotectants is suitable for long-term seed storage. This work
highlights the benefits of combining X-ray assessment with optimized cryopreservation techniques
to support conservation of threatened species.

Keywords: bignoniaceae; germination; plant species conservation; radiographic imaging; seed
quality; vitrification solutions

1. Introduction

The tree species Handroanthus impetiginosus (Mart. ex DC.) Mattos, commonly known as lavender
trumpet tree, can grow up to 30 meters in height and have a trunk diameter of up to 80 cm. It is
widely distributed in seasonally dry tropical forests, covering regions of South and Mesoamerica
[1,2]. However, this species has been classified as near threatened by the IUCN Red List [3] due to
increased predatory human timber exploitation, and deforestation leading to reduced occurrence of
natural habitats [4].

Forest restoration efforts involving this species face several challenges, including but not limited
to competition with other species, slow growth and development time, and maintaining genetic
diversity [1,5,6]. It is known that lavender trumpet tree is primarily propagated by seeds, and
therefore, understanding seed quality and conservation is crucial for preservation efforts in this
species. Radiographic image analysis, herein X-ray, is a tool with significant potential for both
primary and applied studies in seed analysis. This technique aims to clarify various aspects of seed
structure and improve methodologies for assessing seed quality attributes [7,8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The X-ray test is a non-destructive technique to assess seed quality, and it allows subsequent
physiological tests in the same seeds. These tests aim to correlate observations of the internal seed
morphology with the characteristics of the resulting seedlings, and whether they display normal or
abnormal development of each corresponding structure [9,10]. Additionally, the images obtained can
be cataloged, archived, and later used to establish non-subjective and standardized evaluation criteria
[11].

In addition to quality seed quality, species conservation efforts may require the long-term
maintenance of a germplasm bank. Such a resource is important to protect and preserve plant species
that face threats on their natural habitats. Additionally, it serves as a valuable repository for the study
of these endangered species as well as their related taxa. In this context, cryopreservation is a key
technique in seed conservation that enables the long-term storage and preservation of plant material
[12], by preserving biological material in liquid nitrogen at extremely low temperatures, either in the
liquid phase (-196°C) or vapor phase (-150°C). Cryopreservation should maintain the original
characteristics of the plant material, ensuring its viability and normal development upon recovery
after thawing [13].

However, due to the extremely low temperature of liquid nitrogen, seed moisture must be below
10% to prevent the formation of intracellular ice crystals during freezing, which can cause cell rupture
and death [14,15]. Therefore, in some cases, the use of cryoprotective solutions is essential to ensure
the successful recovery of organ tissues and the regeneration of plants after the cryopreservation
process [16].

Among these methods, vitrification is the most widely used in cryopreservation protocols due
to its simplicity and efficiency. It does not require sophisticated equipment and offers a high recovery
rate and biological material survival rate [17]. The utilization of highly concentrated and pre-cooled
cryoprotective solutions, vitrification prevents the formation of ice crystals and cellular damage and
limits the diffusion of substances within the cell, such as water and other substrates, thereby inducing
metabolic quiescence [18]. In this state, the cell metabolism is almost completely halted. The
vitrification solution helps to prevent cell deterioration and create a stable environment that protects
against structural and functional damage during cryopreservation. This protection is due to the water
inside the cells forming a glass-like (vitreous) state, rather than ice crystals [19].

The goal of this study was to assess the use of X-ray imaging techniques in evaluating the quality
of lavender trumpet seeds and to examine the germinability of seeds subjected to different
cryopreservation treatments.

2. Materials and Methods
2.1. Plant Material

Handroanthus impetiginosus seeds were collected in Miami, southern Florida (25° 46" 31” N, 80°
12’ 32” W). The collection took place in trees used for urban landscaping in May 2023. This region
has a humid subtropical climate is classified as USDA plant hardiness zone 9a. The average annual
precipitation is 1,230 mm, with temperatures ranging from a minimum of 5.5°C to a maximum of
32°C.

The moisture content of the seeds was meticulously determined using a precise oven-drying
method at 103 + 3°C for 17 + 1 hours: two replicates, each with 10 g of seed, were used to determine
seed moisture content [20]. The initial and final moisture contents were measured after the seeds had
been placed in silica gel to desiccate for one day.

The moisture content as a percentage by Weight (fresh weight basis) is calculated to one decimal
place, by using the formulae:

Seed moisture content 1 (%) = (M2 - M3 / M2 - M1) x 100, 1)

Where:
M1 = Weight of the weighing container with cover in grams.
M2 = Weight of the weighing container with cover and seeds before drying.
M3 = Weight of the weighing container with cover and seeds after drying.
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Pre-dried seeds: the seed moisture content is calculated from the results obtained in the first
(pre-dried) and second stages of seed drying, using the following equation, and expressed as
percentages, as under:

Seed moisture content 2 (%) = [(S1 + S2) — (S1 x S2)] / 100, )

Where:
S1=is the moisture loss in the first stage.
S2=is the moisture loss in the second stage.

2.2. X-ray Imaging in Seed Quality Assessment

The seed quality X-ray experiment was conducted at the Seed Biology Laboratory of the
University of Florida, located in Gainesville, Florida, USA. For the internal morphology analysis of
the seeds, twenty replications of 18 seeds each were used, distributed in transparent acrylic plates
measuring 11 x 11 cm to facilitate image capture, totaling 360 seeds. All seeds were positioned
similarly on the plate, and X-ray images were generated using the XPERT® 80 cabinet X-ray system
from KUBTEC?. The equipment was set to a voltage of 90 kV, and the seeds were exposed to radiation
for 20 seconds at a focal distance and resolution of 5 um. The image contrast was calibrated to 49.5
pm. The voltage and exposure time settings were selected based on preliminary tests. The generated
images were saved in JPEG format on a computer and subsequently analyzed.

Following this experiment, a germination test was conducted using the same experimental setup
and seeds were tracked over time by the same positions in the Gerbox as those used for X-ray
imaging. For this step, seeds were distributed on filter paper that had been pre-moistened with
distilled water at a ratio of 2.5 times the dry mass of the paper. All seeds were kept in a growth
chamber at a constant temperature of 25°C. Daily germination was evaluated until stabilization
occurred 21 days after the test setup. The number of normal and abnormal seedlings and non-
germinated seeds was recorded, photographed, and counted, with results expressed as percentages
[21].

2.3. Seeds Cryopreservation

The cryopreservation experiment was conducted at the Environmental Horticulture
Micropropagation Laboratory, Gainesville, FL, USA. The experimental design was completely
randomized. There were seven treatments, with four replications and 50 seeds per plot, as follows:

e TO) Control (seeds were not immersed in liquid nitrogen (LN) or vitrification solution; they were
either placed in an ultra-freezer);

e T1) seeds stored in an ultra-freezer at -80 °C without vitrification solution;

o T2)seeds immersed in LN without vitrification solution;

e  T3) seeds immersed in PVS2 followed by LN;

e T4)seeds immersed in PVS2 with 1.0% phloroglucinol (PG) followed by LN;

e T5) seeds immersed in PVS3 followed by LN;

e  T6) seeds immersed in PVS3 with 1.0% PG followed by LN.

The seeds were placed in 15 mL polypropylene centrifuge tubes for the cryopreservation
treatments. When vitrification solutions were used (T4, T5, T6, and T7), the seeds were first placed in
15 mL of 2 mol L glycerol solution and 0.4 mol L sucrose for 60 minutes at 25 °C, as described by
[22]. After 60 minutes, the loading solution was removed, and the seeds were immersed in
vitrification solutions with or without adding 1% phloroglucinol. The compositions of the
vitrification solutions were: PVS2 - 30% glycerol, 15% ethylene glycol, 15% dimethyl sulfoxide
(DMSO), and 0.4 mol L sucrose; and PVS3 - 30% glycerol, 15% propylene glycol, and 0.5 mol L!
sucrose, as described by [23]. The treatments were immersed for 120 minutes in each solution.

After 30 days in the ultra-freezer or liquid nitrogen (LN), the tubes were removed and rapidly
warmed in a water bath maintained at 39.7 °C until the vitrification solution was thawed. The seeds
were then rinsed with distilled water and germination was assessed. Two germination tests were
conducted: 1) Filter paper test: The paper was moistened with distilled water at 2.5 times its weight,
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the seeds were distributed over the paper, and the setup was placed in a transparent acrylic box
(Gerbox) with dimensions of 11 cm x 11 cm x 3.5 cm and incubated for 21 days without water
replacement [21]; 2) Soil test: the substrate consisted of coarse sand, peat, and pine bark. One seed
was sown per cell in polypropylene trays with 72 cells, and the substrate was moistened with distilled
water to 100% of its water-holding capacity. The acrylic boxes and trays were growth chamber set to
25 °C [21].

For the filter paper assay, only germination rate was assessed. In the soil test, the following
parameters were evaluated: seedling emergence after 21 days, and after 60 days from the start of the
test, the height (cm) and root length (cm) were measured, with the root length being the longest root
measured using a millimeter ruler; fresh weight of the aerial part and roots, and dry weight of the
aerial part and roots. To obtain the dry weight, the plant material was placed in an oven and dried at
80 °C for 48 hours. The plant weights were recorded using a precision scale (Denver Instrument®
model P-214) with a sensitivity of 0.0001 g, and the results were expressed as g per plant. Chlorophyll
relative content was measured as SPAD values by evaluation of the second fully expanded leaf of
each seedling, counted from the top downward, using a portable SPAD-502 chlorophyll meter
(SPAD-502, Minolta Co., Ltd., Osaka, Japan). The amount of green cover projected by the plants was
captured in images using the advanced mobile application Canopeo®. The mobile phone with the
application was held at a height of 50 cm above the canopy, and the photos were taken under the
same lighting conditions for all samples. A single-lens reflex camera with a focal length equivalence
of approximately 26 mm was used.

2.4. Statistical Procedures

The data were subjected to analysis of variance, and for percentage values, a transformation
using arcsin (x/100) was applied. Means were compared using Tukey’s test at a 5% significance level.
Statistical analyses, principal component analysis, and Pearson correlation were performed using R
software, version 4.4.1 [24].

3. Results

The average initial moisture content of the seeds was 12.3%. After one day in a silica gel
desiccator, the moisture content decreased to 6.5%, and these seeds were used for both following
studies: X-ray imaging and cryopreservation assay.

3.1. X-ray Imaging as Seed Quality Assessment

The images corresponding to the X-rayed seeds, and all developmental stages from seed
germination to seedling formation are shown in Figure 1. The figure illustrates how each seed was
individually tracked throughout the germination process.
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Track 1 Track 2 Track 3

Phase 1 Phase 11 Phase 111
Seed imbibition Radicle Seedlings

X-ray image

Figure 1. X-ray images of seeds and the stages of germination development of Handroanthus
impetiginosus (Mart. ex DC.) Mattos. Each seed was individually tracked throughout the germination
process (e.g., track 1 correspond to a single seed observation comparing X-ray image and seed
imbibition; track 2 correspond to a single seed observation comparing seed imbibition stage and
radicle protrusion; track 3 correspond to a single seed observation comparing radicle protrusion stage
and seedling formation).

Through the X-ray images, it was possible to visualize the internal structures of the seed, where
the hypocotyl-radicle axis and the thin bilobed leaf-like cotyledon were identified (Figure 2A). In
addition, it was possible to observe internal damage overlapping with the seed structures, most
observed in the cotyledons (Figure 2B). The hypocotyl-radicle axis appears straight and is easily
visible in the X-ray image, as well as any damage present in this structure (Figure 2C). Figure 2D
shows opaque blurriness associated with severe seed desiccation, which hinders the identification of
any internal seed structures, as turgidity is not observed compared to other images.
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Figure 2. X-ray images of Handroanthus impetiginosus (A) Normal seed - arrow 1 highlights the isolated
embryo showing the hypocotyl-radicle axis; arrow 2 indicates the thin bilobed leaf-like cotyledon; (B)
Mechanical damages to the cotyledons are highlighted; (C) Damage to the hypocotyl-radicle axis
indicated by the whitish coloration; (D) Seeds showing signs of severe desiccation.

In the sample of 360 seeds, 77.5% of the seeds resulted in normal seedlings, 16% were classified
as abnormal seedlings, and 6.5% as dead seeds. Figure 3, 4 and 5 illustrate the practical implications
of this research, showing the relationship between germination tests and X-ray images of H.
impetiginosus seeds. Within the well-formed seeds (Figure 3A) subset, 100% of them germinated and
consistently produced healthy seedlings, while seeds with physical damage, absence of structures,
and/or severe desiccation may lead to abnormal seedlings (Figure 4) or resulted in dead seeds (Figure
5). This highlights the practical value of the X-ray test in producing clear X-ray images that reveal the
seed’s internal structures and any physical damage that could hinder seedling formation.
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Figure 3. X-ray images of Handroanthus impetiginosus seeds without internal damage (A), resulting in
normal seedling (B).

Figure 4. X-ray images of Handroanthus impetiginosus seeds with deteriorated tissue (A), internal

damages on the embryonic axis (B, C), and dehydrated seeds (D, E) resulting their respective
abnormal seedlings.

Figure 5. X-ray images of Handroanthus impetiginosus dead seeds due to severe desiccation (A, B, C),
deteriorated tissue on hypo-cotyl-radicle axis (D), and absence of critical structures (E).
DEH - severed dehydration.

3.2. Seed Cryopreservation

There was no significant difference in germination on filter paper between treatments TO0, T1,
and T2, with an average germination rate of 96%, 87.5%, and 86.7%, respectively. The lowest
germination percentages were observed in treatments T4 (35%) and T5 (44%) (Figure 6A). In the soil
assay, an increase in germination rate was noted for all treatments compared to the paper test. No
significant differences were observed between treatments T0, T1, T2, and T6, which had an average
germination rate of 98,5%, 98%, 95%, and 92,5%, respectively (Figure 6B).
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Figure 6. Germination (%) of Handroanthus impetiginosus seeds under different cryopreservation
treatments. (A) Germination in paper (%). (B) Germination in soil (%). T0) Control (no
cryopreservation treatment applied); T1) seeds stored in an ultra-freezer at -80 °C without vitrification
solution; T2) seeds immersed in LN without vitrification solution; T3) seeds immersed in PVS2
followed by LN; T4) seeds immersed in PVS2 with 1.0% phloroglucinol (PG) followed by LN; T5)
seeds immersed in PVS3 followed by LN; T6) seeds immersed in PVS3 with 1.0% PG followed by LN.

Seeds were sown in soil following the cryopreservation treatments. Seedling evaluation was
carried out 60 days after the seeds were planted, and no differences were observed among treatments
for the SPAD index (Figure 7A). For the green leaf area (Canopeo), T1 and T2 were superior to the
other cryopreservation treatments (Figure 7B). Regarding plant height, when cryopreservation
solution was used, a reduction in plant growth was observed, with an average reduction of 36% for
the treatments T3, T4, T5, and T6 compared to the other treatments (T1, T2, and T3) (Figure 7C). For
root length, treatments TO, T1, T2, T3, and T5 did not differ among themselves (Figure 7D).
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Figure 7. Biometric and physiological parameters of Handroanthus impetiginosus seeds under different
cryopreservation treatments. (A) SPAD index. (B) Canopeo. (C) Height (cm). (D) Root length (cm).
T0) Control (no cryopreservation treatment applied); T1) seeds stored in an ultra-freezer at -80 °C
without vitrification solution; T2) seeds immersed in LN without vitrification solution; T3) seeds
immersed in PVS2 followed by LN; T4) seeds immersed in PVS2 with 1.0% phloroglucinol (PG)
followed by LN; T5) seeds immersed in PVS3 followed by LN; T6) seeds immersed in PVS3 with 1.0%
PG followed by LN.

In the assessment of the seedlings shoot (Figure 8A) and root fresh weight (Figure 8C), it was
observed that the control treatment (T0) was superior to all the others, with average weights of 2.057
g and 1.004 g, respectively. However, interestingly, T2 also performed well compared to the other
cryopreservation treatments, with average weights of 1,759g and 0,7905 g for shoot and root fresh
weight, respectively. Treatments T3, T4, T5, and T6 showed reduction in their shoot dry mass
accumulation by 48%, 74%, 73%, and 62%, respectively, compared to treatment T2, which is
cryopreservation treatment without the addition of any protective solution. For fresh root weight
(Figure 8B), the reductions were 48%, 68%, 64%, and 76%, respectively, compared to T2. Regarding
root dry weight, treatments TO and T2 were superior to the others, and did not differ from each other
(Figure 8D).
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Figure 8. Plant growth parameters of Handroanthus impetiginosus seeds under different
cryopreservation treatments. (A) Shoot fresh weight (g). (B) Shoot dry weight (g). (C) Root fresh
weight (g). (D) Root fresh weight (g). T0) Control (no cryopreservation treatment applied); T1) seeds
stored in an ultra-freezer at -80 °C without vitrification solution; T2) seeds immersed in LN without
vitrification solution; T3) seeds immersed in PVS2 followed by LN; T4) seeds immersed in PVS2 with
1.0% phloroglucinol (PG) followed by LN; T5) seeds immersed in PVS3 followed by LN; T6) seeds
immersed in PVS3 with 1.0% PG followed by LN.

When analyzing the Pearson correlation matrix (Figure 3), significant positive and negative
correlations were found among the variables. The correlations between germination rate and seedling
development parameters, varied from —-0.11 (between soil germination and SPAD) to 0.89 (between
paper germination and shoot fresh weight). All the seedling biometric and physiological parameters
showed good positive correlation among themselves, except for SPAD, that did not have a strong
correlation with any variable. The correlation values for the biometric and physiological parameters
range from 0.67 (between root length and root dry weight) to 0.93 (between shoot fresh weight and
root dry weight).
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Figure 9. Pearson correlation matrix between the analyzed variables of Handroanthus impetiginosus
seeds under different cryopreservation treatments. Where: G_PAPER = Germination in paper (%).
G_SOIL = Germination in soil; SPAD = SPAD Index. CANOPEO. HEIGHT, ROOT_LENGHT = plant
height and root length, respectively, in cm; SHOOT_FRESH, SHOOT_DRY, ROOT_FRESH,
ROOT_DRY = shoot fresh and dry weight, root fresh and dry weight, respectively, in grams.

When considering the multivariate analysis for the cryopreservation treatments, the mean
variation explained by canonical variables 1 and 2 was 82.35% of the total variance (Figure 10). The
principal component analysis (PCA) played a key role in segregating the data into two clusters, with
treatments T1 and T2 showing behavior similar to the control (T0), while treatments T3 to T6 formed
a distinct group. It was observed that all growth variables analyzed, except for SPAD, distinguished
cluster containing the treatments TO, T1, and T2 from the other treatments.
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Figure 10. Principal component analysis (PCA) by dispersion of cryopreservation treatments and the
variables analyzed in Handroanthus impetiginosus seeds. Where: G_PAPER = Germination in paper
(%). G_SOIL = Germination in soil; SPAD = SPAD Index. CANOPEO. HEIGHT, ROOT_LENGHT =
plant height and root length, respectively, in cm; SHOOT_FRESH, SHOOT_DRY, ROOT_FRESH,
ROOT_DRY = shoot fresh and dry weight, root fresh and dry weight, respectively, in grams. TO0)
Control (no cryopreservation treatment applied); T1) seeds stored in an ultra-freezer at -80 °C without
vitrification solution; T2) seeds immersed in LN without vitrification solution; T3) seeds immersed in
PVS2 followed by LN; T4) seeds immersed in PVS2 with 1.0% phloroglucinol (PG) followed by LN;
T5) seeds immersed in PVS3 followed by LN; T6) seeds immersed in PVS3 with 1.0% PG followed by
LN.

4. Discussion

The illegal logging of Handroanthus spp. timber in the Brazilian forests represents a significant
conservation challenge. Handroanthus spp., known for its high economic value, is often targeted by
illegal loggers who use fraudulent permits and documentation to disguise their activities as legal [25].
This issue is exacerbated by weak enforcement and regulatory loopholes, leading to substantial
deforestation and ecological damage [26]. This pervasive problem of illegal logging threatens the
genetic integrity and survival of these important trees [25,26]. Given these circumstances, preserving
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Handroanthus species through seed conservation techniques can be an alternative to ensure that this
species will not go extinct.

The use of seeds as plant material to be preserved require research of several critical
characteristics to ensure their successful long-term viability and quality. Some important factors are
moisture content, seed viability, genetic stability, and species-specific requirements for storage
conditions, including temperature and light sensitivity [27].

X-ray imaging is highly effective for identifying seed quality. It provides detailed, non-
destructive views of both external and internal seed structures. This technology allows for the precise
examination of features such as embryo development, endosperm completeness, and internal defects
like cracks or voids, which are not visible from the outside [11,28]. In addition, high or low moisture
content in seeds can impact X-ray imaging quality. Seeds with higher moisture levels may produce
unclear images of internal structures and more opaque images, as X-rays are more likely to be
absorbed. Conversely, extremely dry seeds could produce more distinct images, but the seeds may
also be more fragile and susceptible to damage during the X-ray process [10,29].

In this study, internal seed structures were clearly illustrated in the obtained high-resolution X-
ray images. The first group, represented by normal seedlings (Figure 3B), corresponds to seeds that
were intact or had minor damage, and contained all morphological structures well-developed,
including two cotyledons, epicotyl, hypocotyl, primary root, and secondary roots, as described by
[30]. The second group (abnormal seedlings) shows intermediate damage to structures,
compromising the physiological quality of the seeds (Figure 4). The third group of images (dead
seeds) includes seeds that did not germinate due to the absence and severe damage to the hypocotyl-
radicle axis and desiccation (Figure 5).

Severe dehydration was one of the biggest causes of seedling abnormality or death seeds.
Although H. impetiginosus seeds exhibit orthodox behavior [31], they naturally possess a certain level
of desiccation tolerance. When seeds are dehydrated beyond these limits, several consequences can
be observed, including an increase in intracellular solute concentration, which can lead to intensified
destructive chemical reactions. When crystallized, these solutes can cause protein denaturation and
rupture of cell membranes, damaging seed structures, and as a consequence the imbibition process
is affected, leading to irreversible damage or even seed death [32,33].

The results of this study are consistent with observations made in other plant species with
flattened seeds. Studies demonstrated the effectiveness of using X-ray images to assess and identify
the internal morphology of seeds from Platypodium elegans Vog. and Solanum lycopersicum,
highlighting the direct association between the internal seed structures, presence of damage, and
seedling formation [8,34]. The application of X-ray testing was also practical in evaluating the internal
morphology of seeds from Leucaena leucocephala Lam., Cucumis sativus L., and Capsicum annuum L.,
showing a correlation with germination [11,28]. Additionally, these studies established the
relationship between the physical and physiological quality of seeds from Anadenanthera peregrina (L)
Speg and Senna macranthera (DC. ex Collad.) H.S. Irwin & Barneby [35,36]. Therefore, analyzing the
internal aspects, X-ray imaging accurately detected potential issues, and predict germination success.

In terms of conservation, the identification of healthy and well-formed seeds is key to ensure the
success of plant regeneration after a cryopreservation treatment. X-ray is a non-destructive method
to assess the viability of seeds, enabling further cryopreservation treatments. In this context, well-
formed H. impetiginosus seeds were selected for cryopreservation based on previous results of X-ray
imaging. These selected seeds should achieve a high germination rate (T0, the control treatment on
Figure 6) and ensured that seed quality did not impact the response to cryopreservation treatments.
The moisture content of 6.5% has proven ideal for H. impetiginosus seeds in both studies, making it
suitable for applying X-ray imaging and other conservation techniques, this moisture level facilitated
successful cryopreservation and resulted in the production of healthy seedlings.

For cryopreservation, high moisture content can lead to ice crystal formation within the seed
structures, making lower moisture levels preferable [37,38]. In this case, the orthodox nature of H.
impetiginosus seeds allowed them to tolerate drying to low moisture levels without compromising
their metabolism, maintaining their integrity during prolonged cold storage [31,39].
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Regarding the temperature used for cryopreservation, the results indicated that treatments at -
80°C and -196°C (LN) were the most efficient in long-term seeds conservation. Previous research has
also compared the use of other temperatures ranges other than then ones provided by LN, and their
potential in seed long term storage. Interestingly, no difference was observed in the germination
percentage of Handroanthus spongiosus (Rizzini) S. Grose seeds stored for 30 days in a freezer (-20°C)
or liquid nitrogen, with both temperatures being recommended for the cryopreservation of this
species [40].

The use of cryoprotectant solutions (PVS2, PVS3) with or without the addition of phloroglucinol,
was ineffective for seed cryopreservation, as it also reduced seed germination and plant growth.
Direct immersion of H. impetiginosus seeds in LN was efficient to seed recovery. A similar finding
was reported in the study [41] where direct freezing of Cedrela odorata L. seeds without any
vitrification solution (PVS2 and PVS3), proved to be the most effective protocol for preserving the
seeds’ germinative capacity. Likewise, Astronium wurundeuva M. Allemao Engl. and Sinningia
leucotricha (Hoehne) seeds can also be cryopreserved in liquid nitrogen without cryoprotectants
(PVS2; PVS2 + 1% phloroglucinol and PVS3) [42,43].

The use of PVS2 and PVS3 negatively impacted the height of Cedrela odorata L. seedlings [41].
Similarly, PVS1, PVS2, PVS3, and PVS2 combined with 1% phloroglucinol were found to adversely
affect seedling height, root length, and total dry mass in Sinningia leucotricha (Hoehne) Moore [42]. In
Genipa americana L. seed cryopreservation, liquid nitrogen preserved seed germination; however, the
cold treatment reduced seedling height and root length [44].

However, the PVS2 solution was effective for cryopreserving Quercus variabilis seeds in liquid
nitrogen [45]. Similarly, PVS2 and PVS2 combined with 1% phloroglucinol were effective for the
cryopreservation of Miltonia flavescens seeds [46]. No differences were found in height, root length,
root dry mass, or shoot dry mass between Astronium urundeuva M. Allemao Engl. seedlings immersed
in cryoprotectant solutions (PVS2, PVS2 + 1% phloroglucinol, and PVS3) [43]. Additionally, it has
been reported that the cryoprotectant PVS2 increases the dry biomass of Hylocereus costaricensis
seedlings by mitigating oxidative stress associated with prolonged liquid nitrogen exposure [47].

The variability in plant responses to cryoprotectants is due to a combination of species-specific
characteristics, tissue types, and the nature of the cryoprotectants themselves. The PVS2 and PVS3
solutions are hypertonic, which can cause osmotic stress to cells, leading to dehydration and damage
to cell membranes, affecting the ability to maintain homeostasis and potentially causing direct cell
injury [48]. Although the toxic effects of these solutions are widely recognized, the alterations caused
by cryoprotective solutions still lack a comprehensive explanation [49]. This underscores the urgent
need for more research to bridge the gap between the literature that explores the biochemical effects
of cryoprotectants and that which investigates their toxic effects in cryobiological applications [50].

Phloroglucinol (1,3,5-trihydroxybenzene) is frequently used in plant tissue cryopreservation
because it helps mitigate the toxic effects of cryoprotectant solutions on plant cells. With properties
similar to plant hormones like cytokinins and auxins, phloroglucinol promotes cell stability and
growth even under the stress of freezing conditions. Its action reduces toxicity while enhancing cell
recovery and viability, making it an effective additive for maintaining plant tissue health during
cryopreservation [51,52]. Despite its other beneficial qualities, this study found phloroglucinol
ineffective in reducing the toxic effects of vitrification solutions.

The combined evaluation of germination on paper and in soil allowed for the identification of
toxicity level during the plant recovery and growth after the application of different cryopreservation
methodologies. The variables evaluated except SPAD, demonstrated accuracy in characterizing the
cryopreservation treatments, as demonstrated by the Person correlation and PCA.

In summary, the practical value of the X-ray test has confirmed, producing clear radiographic
images that reveal the seed’s internal structures and any physical damage that could hinder seedling
formation. Thus, it is evident that visual inspection of X-rays is a highly effective tool that allows for
the reliable evaluation of the physical quality of H. impetiginosus seeds and cryopreserving H.
impetiginosus seeds only using LN, without any vitrification solutions proves to be the most effective
treatment for long-term storage. This method highlights the effectiveness and simplicity of
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cryopreservation when avoiding the complications associated with cryoprotectants. which can
otherwise hinder seed germination, emergence, and seedling development.

5. Conclusions

The use of radiographic images in seed analysis is a direct and reliable method. It allows for the
immediate and accurate visualization of internal seed damage, establishing a clear correlation with
parameters that define physiological quality.

For the cryopreservation of Handroanthus impetiginosus seeds, the use of vitrification solutions is
not a prerequisite. The straightforward process of immersing seeds directly in liquid nitrogen allows
for the recovery of seedlings, without any hindrance to their development.
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