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Abstract: The forestry industry has integrated somatic embryogenesis into its clonal programs due
to the generation of a high number of plants from selected genotypes at low cost. Somatic embryos
are generated in a stressful environment after multiplication of the proembryogenic masses; thus,
it is critical to determine the degree of stability of the embryogenic cultures and their potential for
mass propagation. Maturation ability in cultures of different ages was evaluated in conjunction
with the integrity of the proembryogenic masses, germination rate, hypocotyl and root length, plant
conversion, and ex vitro survival. To identify differences in embryogenic tissue from different
subcultures, their DNA was analyzed using FT-IR spectroscopy. A significant decrease in the
production of somatic embryos was detected from week 15, and some lines even stopped producing
embryos. Germination rate, hypocotyl length, and plant conversion were negatively affected by
long-term cultivation, while root length and ex vitro survival were not significantly affected. The
results obtained from the FT-IR spectroscopy analysis indicate that it is feasible to use mid-infrared
spectroscopy to differentiate between embryogenic tissues with different cumulative subculture times
based on the spectra obtained from their DNA, which is directly related to maturation ability.

Keywords: radiata pine; somatic embryogenesis; proliferation; somatic embryos; mid-infrared

1. Introduction

In Chile, forest plantations cover an approximate area of 2.3 million hectares, of which
55.5% comprise Pinus radiata. The main reasons why P. radiata is selected to establish forest
plantations are due to its high rusticity, easy management in plantations, and rapid growth
when established in appropriate climates and soils [1,2], as well as the versatility of its
wood [3]. In order to establish highly productive plantations, the Chilean national forestry
industry has chosen to integrate biotechnological tools, such as plant tissue culture, into
its breeding programs to optimize the generation of a high number of plants of selected
genotypes at a low cost.

Somatic embryogenesis (SE) is one of the most promising tissue culture biotechno-
logical tools for large-scale vegetative propagation of woody plants of economic value,
being considered the most effective method for the mass propagation of different Pinus
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species [4–6]. In P. radiata and in other conifers, its application allows the vegetative pro-
duction of genetic material in breeding programs and in clonal forestry at an operational
scale [7,8]. The success of SE depends on many factors, such as the nature of the explant, the
microenvironment generated by the in vitro culture conditions, and the regulation of gene
expression, among others [9]. For the formation and development of the somatic embryos
(Se), complex cellular, biochemical, and molecular processes are required [10]. To activate
these processes in the explant, it is necessary to apply specific conditions such as stress (me-
chanical, osmotic, chemical, heavy metals, hypoxia, temperature, and ultraviolet light), as
well as specific levels of endogenous and exogenous plant growth regulators (PGRs) [11].

The most widely used plant growth regulator (PGR) to induce SE and maintain cell
proliferation is the exogenous auxin 2.4-Dichlorophenoxyacetic acid (2.4-D) [12]. Its incorpo-
ration into the embryogenic cultures under different conditions (endogenous or exogenous
to the explant) can influence metabolic patterns, gene expression, and epigenetic mecha-
nisms of the explant (such as DNA methylation, histone modifications, and microRNAs),
causing a cell (or a group of cells) to change its course [13]. It has been reported that high
concentrations or long exposure times to auxins, especially 2.4-D, can block the normal
development of the Se, altering the balance of endogenous auxins and the polar transport
of auxins and interfering with the apical-basal polarity of the embryo [14,15].

In most conifers, the multiplication of the proembryogenic masses (PEMs) that give
rise to Se remains constant for years without any notable change in the multiplication rate or
maturation ability (MA). However, reports indicate that in pine species, the situation is quite
different. It has been observed that the yields in maturation and the length of the Se decrease
as a function of the number (and time) of subcultures [16–20]. In addition, morphological
degradation prevents the formation of early embryos, indicating a global loss of MA, which
may be increased by manipulation during subculture [21]. These results shed light on the
biochemical effects of in vitro cultures as well as the deleterious effects of age on them. All
these findings adhere to the concept of cell line aging, which would indicate that cells begin
to transform into recalcitrant cells as ET accumulates subculture time [22,23].

Problems surrounding this process make it difficult to propagate plants on a large
scale by SE in Pinus species since production costs are increased by the lack of a priori
knowledge of whether the genotypes being propagated have lost their MA. From the point
of view of the mass production of plants, it would be desirable to have some biomarker
that would indicate whether ET has the capacity to generate Se. Nowadays, there are
traditional techniques, such as transcriptomics [24], proteomics [25], and metabolomics [26],
that could allow the determination of molecular markers in order to differentiate the
state of a tissue. Biomarkers of SE in Pinus species may include polyamines and their
biosynthetic enzymes [27], gene transcripts involved in embryogenesis and maturation [28],
and proteins related to somatic embryo maturation [29]. Specifically, one study of Pinus
pinaster identified changes in the expression levels of specific genes during the maturation
process [30]. However, further research is needed to confirm and expand on these findings.

Vibrational spectroscopic techniques like Fourier transform-infrared spectroscopy
(FT-IR) have proven their potential to provide information on the structural and chemical
changes in tissues or cells in a simple, fast, and inexpensive way [31–33]. The changes in
the type, conformation, or number of bonds produce different spectra that can be used to
distinguish tissues with different characteristics. [34,35]. Previously, FT-IR was used by
Bravo et al. [36] to determine differences between cell lines previously characterized in
terms of their embryogenic potential in P. radiata.

The objective of this study was to determine the effect of long-term subculture of the
embryogenic tissue on the loss of maturation ability and plant conversion and to evaluate
the applicability of FT-IR spectroscopy to determine biomarkers of the maturation ability
of embryogenic tissues in Pinus radiata.
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2. Materials and Methods
2.1. Plant Material

Immature P. radiata cones were collected from a controlled crossing orchard located in
the Bío-Bío region of Chile and belonging to the ARAUCO company. Following collection,
the cones were stored at 4 ◦C in perforated polyethylene bags until processing. Disinfection
was carried out by immersing them in a 10% (v/v) hydrogen peroxide solution for 5 min.
Next, they were rinsed three times with sterile distilled water in order to extract their seeds.
Afterwards, the seeds were manually extracted and placed in sterile petri dishes for a
maximum of 24 h at 4 ◦C. They were then sterilized in a laminar flow cabinet by immersing
them in 10% (v/v) hydrogen peroxide for 5 min. Finally, they were rinsed three times with
sterile distilled water [7].

2.2. Embryogenic Culture Induction and Proembryogenic Mass Proliferation

The sterilized seeds were deposited without their coating in 94 × 16 mm Petri
dishes with 30 mL of modified semi-solid Litvay medium (mLM) [37]. The culture
medium was supplemented with 4.5 µM 2.4-Dichlorophenoxyacetic acid (2.4-D), 2.7 µM
6-benzylaminopurine (BAP), 30 g L−1 sucrose, and 3 g L−1 Phytagel®. The pH was adjusted
to 5.6 before autoclaving at 121 ◦C and 1 ATM pressure. After 12 weeks in culture, the
seeds that presented friable cell proliferation were transferred to an individual Petri dish
with fresh culture medium [7].

The same culture medium used in induction was used in ET multiplication. The
culture was changed to a fresh medium every 7 days, for a total period of 66 weeks. The
subculture was carried out in a combined manner. First, in agglomerates of approximately
1 cm in diameter, and then in cell suspensions dispensed on filter paper deposited in a
semi-solid medium. The embryogenic material was kept in dark conditions at 23 ± 1 ◦C.

To determine the embryogenic potential of the cell lines obtained, preparations of
20 mg of fresh ET were made. A total of 10 µL of 2% (w/v) acetocarmine stain was added for
4 min to the ET, followed by two washes with distilled water. The stained tissue was placed
on a slide covered with a coverslip and observed with a Carl Zeiss Axiostar Plus light
microscope. Embryonic lines were considered those with the presence of the three types of
PEMs described by Filonova et al. [23].

2.3. Cryopreservation and Recovery

For the cryopreservation of ET, the slow freezing protocol described by Hargreaves et al. [38]
was used, with some modifications. Seven days after the last subculture and approximately 6 to
10 weeks after induction, ET was resuspended in 11 mL of liquid multiplication mLM. First, ET
was pretreated for 48 h with 0.4 M sorbitol in orbital agitation at 80 rpm under dark conditions
at 23± 1 ◦C. Following this, 10 aliquots of 5% (v/v) Dimethyl sulfoxide (DMSO) were applied.
Furthermore, 1.5 mL aliquots of this suspension were dispensed into 2 mL Nalgene cryovials,
which were stored in Mr. Frosty Nalgene containers in a−80 ◦C freezer for 120 min. Finally, the
cryovials were immersed in liquid nitrogen (−196 ◦C) for approximately 5 weeks.

For ET thawing, the cryovials were immersed in sterile water at 37 ◦C for 1 to 2 min.
They were then externally disinfected with 70% (v/v) ethanol. To reactivate the growth of
the cryopreserved tissue, the content of each cryovial was placed on a filter paper (Fisher
Scientific, grade P5, Waltham, MA, USA). Finally, the filter was placed in a Petri dish with
proliferation mLM. The culture media changes were performed weekly for 1 month. A
positive control was used, which contained ET with the addition of cryoprotectants but
without immersion in liquid nitrogen. This was in order to rule out a negative effect from
the chemicals used as cryoprotectants.

2.4. Maturation

The maturation was carried out 10 days after the last subculture in the multiplication
phase. ET was resuspended in falcon-type tubes with liquid maturation culture medium.
Subsequently, the tissue was dispensed onto filter paper in mLM supplemented with



Forests 2023, 14, 1446 4 of 18

90 µM abscisic acid, 60 g L−1 sucrose, and 10 g L−1 Phytagel®. A concentration of 80 mg of
tissue per Petri dish was used. ET was selected in the proliferation phase with different
accumulated subculture times and was transferred to the maturation phase. The following
treatments were considered, depending on the time in the proliferation phase (letter C
indicates cryopreservation, and the number indicates the number of weeks on proliferation
medium after growth reactivation of cryopreserved lines): C0: non-cryopreserved tissue;
C + 4: ET at 4 weeks; C + 7: ET at 7 weeks; C + 12: ET at 12 weeks; C + 15: ET at 15 weeks;
C + 22: ET at 22 weeks; C + 26: ET at 26 weeks; C + 34: ET at 34 weeks; C + 44: ET at
44 weeks; C + 59: ET at 59 weeks; C + 66: ET at 66 weeks. The treatments were categorized,
according to the accumulated subculture time, as young (C0), middle (C + 4), and aged
(from C + 15).

Embryogenic cell line tissue was incubated for 5 months until the complete maturation
of the embryos in dark conditions at a temperature of 23 ± 1 ◦C. To determine the ability to
differentiate PEMs into cotyledonary Se (maturation ability), the number of cotyledonary Se
per gram of fresh weight of ET (N◦ Se/g FW) was counted. Depending on the maturation
ability (productivity), the embryogenic lines were classified as low, medium, and high.

2.5. Germination and Plant Conversion

Germination and conversion to plants of the Se obtained were evaluated for three different
accumulated subculture times. C0: non-cryopreserved tissue (young); C + 4: ET at 4 weeks
(middle); and C + 34: ET at 34 weeks (aged). Since the negative effects of prolonged subcul-
tures were observed from week 15, we considered evaluating germination and conversion
to plants at an earlier time (34 weeks) and not waiting until the final period of 66 weeks,
where some genotypes did not generate Se. The Se with normal morphology (opaque, white
coloration, and three or more well-developed cotyledons) were put to germinate. Germi-
nation was carried out in 200-milliliter polypropylene containers with modified Pullman
No. 55 medium [39]. The germination medium was supplemented with 20 g L−1 sucrose,
0.6 g L−1 activated carbon g L−1, and 4 g L−1 Phytagel®. The embryos were germinated
horizontally in Petri dishes at an inclination of 45◦ at 23± 1 ◦C. A 16-h photoperiod with a
light intensity of 10 µmol m−2 s−1 was used during the first week of culture. They were then
cultured between 40 and 70 µmol m−2 s−1 for 10 weeks.

After thirty days, the percentage of germinated Se was evaluated. At 45 days, the
average length of the hypocotyl and root of the emblings was evaluated. The same light
intensity was used for the emblings elongation. Once the emblings were established under
ex vitro conditions, their survival at 30 days was assessed.

2.6. FT-IR Microspectroscopy and Multivariate Analysis

Before maturation, samples of ET from three embryogenic lines were taken at different
subculture times to extract DNA, using the protocol proposed by Bravo et al. [36]. The
analyzed samples were categorized, according to the accumulated subculture time, as
young (C0), middle (C + 4), and aged (C + 66). Of each sample, 50 µL of DNA (200 ng) were
dried in Mirr IR reflective glass (Kevey Technologies, Chesterland, OH, USA) in the dark to
prevent photo and atmospheric oxidation. All FT-IR spectral acquisitions of dried DNA
pellets were performed in the absorption mode, from 4000 to 500 cm−1, using a Spotlight
400 imaging system spectrophotometer (Perkin Elmer, Middlesex, MA, USA) equipped
with a Duet™ design detector containing a nitrogen-cooled MCT detector and a linear
array MCT imaging detector. For each DNA sample, 20 scans of 100 × 100 µm were taken,
providing a spectral resolution of 2 cm−1.

2.6.1. Spectral Pretreatment

Once the spectra were acquired, the spectral region of interest between 1800 and
700 cm−1 was selected. Furthermore, a second spectral derivative with a window of
11 points, using the Savitzky-Golay algorithm and mean centering, was applied for trans-
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formation and preprocessing, respectively. The pretreatments and analyses were performed
using PLS-Toolbox (Eigenvector Research, Inc., Manson, WA, USA).

2.6.2. Multivariate Analysis
Principal Component Analysis (PCA)

The exploratory analysis of data allows for the detection of atypical samples as well as
observation of the behavior of the samples (e.g., clustering) through the decomposition of the
original matrix (X) into matrices of scores (T), loadings (P), and residuals (E) (Equation (1)).

X = TPT + E (1)

Two PCAs were carried out to analyze (i) young, middle, and aged samples and
(ii) young samples only. Scores and loading plots were evaluated to analyze the behavior of
the samples and identify the most influential bands, respectively. PLS-Toolbox (Eigenvector
Research, Inc., Manson, WA USA) software was used.

Supervised Classification Method

As a supervised pattern recognition method, Partial Least Squares—Discriminant
Analysis (PLS-DA) was applied. PLS-DA is a multivariate supervised dimensionality
reduction tool, unlike PCA. This classification method is based on the Partial Least Squares
Regression (PLS-R) algorithm, except that the response variable is categorical [40–42].
Using the PLS-Toolbox (Eigenvector Research, Inc.) software, two PLS-DA models were
built for three (young, middle, and aged) and two classes (young and aged). The confusion
matrix, classification error rate, and variable importance in projection (VIP) were evaluated.

2.7. Statistical Analysis

The experiment was carried out with a completely randomized design. MA was tested
in 21 genotypes in three biological replicates with five Petri dishes at 11 different times of
accumulated subculture. For germination, hypocotyl and root length, and plant conversion,
five genotypes in three replicates at three different times of accumulated subculture were
analyzed: C0, C + 4, and C + 34. Mean values were expressed with standard error, and the
significant differences were tested by one-way ANOVA analysis of variance followed by
Tukey’s multiple analysis test at p ≤ 0.05. The data were analyzed with InfoStat software
(v.2008). For FT-IR analysis, 3 genotypes were evaluated at 3 different times of accumulated
subculture: C0 (young), C + 4 (middle), and C + 66 (aged). The multivariate analysis is
detailed in Section 2.6.2.

3. Results
3.1. Maturation Ability of Short-Term Subcultured Embryogenic Tissue

The maturation ability of the studied embryogenic lines was significantly affected by
the genotype (p ≤ 0.05). Only Se with normal characteristics were counted. We considered
normal Se those who presented 3 or more cotyledons completely developed, white-yellow
coloration, and a good proportion of shape. The genotypes were classified according to
their productivity: 23.8% with low productivity, 52.4% with medium productivity, and
23.8% with high productivity. The least productive genotype was L8529, with 23 Se/g
FW, while MH102 was the most productive, at 400 Se/g FW (Table 1). In general, all the
genotypes tested presented a response to maturation to a lesser or greater extent, observing
an asynchrony in the development of the Se, which is usually observed in P. radiata.
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Table 1. Mean number of somatic embryos per gram of fresh weight (N◦ Se/g FW) of 21 Pinus radiata
genotypes before cryopreservation, classified according to their productivity. Different letters indicate
significant differences according to Tukey’s test (p < 0.05).

Genotype Maturation Ability
(Productivity) N◦ Se/g FW

L8529

Low

23 ± 2.4 a
M101 33 ± 6.0 a
L8521 36 ± 2.1 ab
M108 38 ± 2.6 ab
M106 45 ± 2.0 abc

M263

Medium

75 ± 5.5 bcd
L8510 81 ± 7.3 cde
M103 88 ± 2.7 def
M137 93 ± 7.1 def
M100 119 ± 8.3 efg

MH114 124 ± 5.5 fg
G228 125 ± 5.5 fgh

MH124 125 ± 4.9 fgh
M130 138 ± 9.4 gh
M123 143 ± 10.2 gh
M102 164 ± 3.0 hi

MH111

High

200 ± 16.3 i
H409 258 ± 15.7 j

MH122 302 ± 10.0 k
MI101 317 ± 6.3 k
MH102 400 ± 22.0 l

3.2. Long-Term Subcultured Embryogenic Tissue Characterization

After cryopreservation, ET did not present macromorphological differences until the
final evaluation period (66 weeks). All the embryogenic lines presented a good proliferation
rate and were friable and whitish in color during the entire culture period (Figure 1A).
Therefore, to corroborate the good morphological state of the ET studied and to identify
the presence of PEMs, microscopic observations were made 66 weeks after having been
maintained in the proliferation phase. For all the genotypes, the presence of PEMs was
consistent, indicating that the ET condition was maintained despite the long time in culture.
Type I PEMs were composed of a small group of meristematic cells with a prominent
nucleus and dense cytoplasm, accompanied by 1 or 2 highly vacuolated, small-nucleated
suspender cells (Figure 1B). Type II PEMs were observed to have a similar appearance
but with a greater number of grouped meristematic and vacuolated cells (Figure 1C).
Type III PEMs were larger in size, with many embryogenic cells being observed, forming
a highly dense central conglomerate surrounded by suspensor cells. In addition to this
cluster, the presence of early proembryos could be observed in some genotypes (Figure 1D).
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Figure 1. Embryogenic tissue (ET) and proembryogenic masses (PEMs) were observed after the
long-term proliferation phase for 66 weeks. (A) ET clusters on proliferation; (B) PEM type I; (C) PEM
type II; (D) PEM type III. The black arrow indicates early somatic embryo formation in type III PEM.
ESE: early somatic embryo; MC: meristematic cells; SC: suspensor cells. Bar = 200 µm.
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3.3. Maturation Ability of Long-Term Subcultured Embryogenic Tissue

The relationship between MA and age (accumulated time in the proliferation phase)
of ET was inversely proportional. In Figure 2, it is observed that the mean number of
cotyledonary Se for all genotypes tested from young tissue without cryopreservation (C0)
was 139.4 Se/g FW. The MA of the ET 4 weeks after its post-cryopreservation reactivation
of growth (C + 4) decreased by 5.9% in relation to the value obtained in the ET without
cryopreservation (C0). From week 7 (C + 7) and up to week 12 (C + 12), a significant
increase in MA of 26.8% and 33.4%, respectively, was observed. The most abrupt change
was observed in week 15 (C + 15), where it decreased by 17.8% in relation to the control
(C0). From this time onward, a tendency towards decreased generation of Se was observed
as the ET continued to be maintained in subculture in the proliferation phase. From
week 34 (C + 34), a stabilization in the MA was observed until week 66 (C + 66). At this
cumulative subculture time, the loss of MA was 47.9% with respect to its basal value
(C0), and some of the lines studied no longer produced embryos. For the three conditions
evaluated, no differences were observed in terms of the morphology of mature embryos.
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Figure 2. Maturation ability (N◦ Se g/FW) of Pinus radiata embryogenic lines with different produc-
tivity at different times in the post-cryopreservation proliferation phase (C0 represents the number of
Se before cryopreservation).

A grouping of genotypes by productivity was carried out due to the considerable
differences observed between genotypes with respect to their MA (Table 1). Similar behavior
was observed for all groups with regard to the trend of genotypes with low, medium, and
high productivity, with the latter demonstrating the most abrupt changes due to the
magnitude of the number of Se/g FW. In the high and low productivity genotypes, there
was a decrease in MA at week 4 (C + 4), while the average productivity value remained
similar. For the three classification groups, the maximum MA was recorded at 12 weeks
of subculture after growth reactivation. On average, the high productivity genotypes
presented a 38.9% decrease at 66 weeks of subculture (C + 66) in their MA in relation to
the non-cryopreserved ET (C0), while those of medium and low productivity had a loss of
47.3% and 65.1%, respectively (Figure 2). These results show that the lower the productivity
of the embryogenic lines, the greater the loss of MA as the subculture time increases in the
proliferation phase.
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3.4. Morphological Characterization of Plant Conversion Originating from Young and Aged
Embryogenic Tissue

After 30 days of Se germination, the differences were significant between young,
middle, and aged ET (Figure 3). The subculture time of the ET showed a negative correlation
with the germination rate of Se, where germination decreased up to 34.7% in Se from aged
tissue in relation to young tissue. For the three evaluated conditions, Se with normal
morphology without germination were observed in similar quantities; however, a higher
number of abnormal Se with signs of oxidation were observed in aged tissue, which
presented a brown coloration, necrosis, and malformations.
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Figure 3. Germination of somatic embryos from embryogenic tissue of different ages. Different letters
indicate significant differences according to Tukey’s test (p < 0.05).

After 45 days of Se germination, those from younger tissue presented similar mor-
phologies, showing good development of the hypocotyl and its roots. Most showed apical
development and green coloration without signs of oxidation. On the other hand, the
length of the hypocotyl was affected in the embryos from older tissue (Figure 4A), and in
general, they presented a later apical development than those from young tissue, although
they did not present significant differences in the length of their roots (Figure 4B).
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Figure 4. Morphological characteristics of 45-day emblings from embryogenic tissue of different
ages. (A) Average hypocotyl length. (B) Average root length. Different letters indicate significant
differences according to Tukey’s test (p < 0.05).

The germinated embryos were changed every 30 days to fresh culture medium, elimi-
nating those emblings that had not presented apical development at the second subculture
or had died. Once the emblings grew to 1.5 to 2 cm in length, they were sent to a greenhouse
with controlled temperature and humidity conditions and constant mist irrigation. The
percentage of dispatched plants was calculated in relation to the germinated plants with
normal growth. No significant differences were observed regarding the conversion to
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plants of Se from juvenile ET (C0 and C + 4), where 60% and 61.6% were obtained, respec-
tively. The emblings from aged tissue with characteristics of being dispatched ex vitro
decreased considerably, to only 33.3% (Figure 5A). Once the emblings were established in
the greenhouse, survival at 30 days of acclimatization was evaluated, and no significant
differences were observed. The observed survival values remained above 70%, which is
expected for the environmental conditions to which the emblings were exposed (Figure 5B).
Once the emblings reached 10 cm in length, they were kept under sprinkler irrigation, and
the light intensity was increased.
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Figure 5. Plant conversion. (A) Average percentage of emblings shipped to the greenhouse.
(B) Average percentage of ex vitro survival of the emblings at 30 days. Different letters indicate
significant differences according to Tukey´s test (p < 0.05).

3.5. DNA Infrared Spectroscopy

To provide visualization of the differences in the absorption maxima, the raw mean
FT-IR spectra are shown in Figure 6A, with each spectrum colored according to age. Con-
trasting samples from young (C0), middle (C + 4), and aged (C + 66) ET were used for this
analysis. The bands between 1800 and 700 cm−1 were selected, where each band represents
an average of three biological replicates for each condition. In this region, we can find
vibrational changes associated with nucleic acids that can provide important information
about the behavior of the ET DNA with different accumulated subculture times, depending
on the specific place where these variations are found.
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Figure 6. FT-IR spectra of embryogenic tissue of Pinus radiata DNA from the fingerprint zone
(1800 to 700 cm−1) under different age conditions. (A) Average raw FT-IR spectrum. (B) Average
second derivative spectrum. Arrows indicate the main bands.
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However, given the overlapping that characterizes this spectral zone, the second derivative
of the average spectra of each class was observed, identifying those bands that differ in their
absorption maxima (Figure 6B). In this way, it is observed that there are multiple bands that
differ according to the class. This mathematical procedure was carried out to avoid the problem
of overlapping bands and to suppress the constant background noise. In this way, it was possible
to improve the resolution of the spectrum, facilitating the interpretation of the data obtained.

3.5.1. Principal Component Analysis

In the PCA analysis, according to the time in subculture, it was possible to observe that
PC1 (explained by 41.77% of the variance) separates the young samples from the old ones
(Figure 7A), with the middle sample in between the two. On the other hand, a separation of
genotype 1 is observed in relation to genotype 2 and genotype 3 in the young and middle
samples. However, in the aged samples, this separation is not clearly observed. Figure 7B
shows the loading plot, in which the four most important variables are highlighted: the
bands at 1350 and 1100 cm−1 are associated with young samples, and the bands at 1080,
1040, and 1364 cm−1 are associated with aged samples.
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Figure 7. PCA results of FT-IR spectral data on genomic DNA according to condition (young, middle,
and aged). (A) Score plot of PC1 vs. PC2, explaining 72.18% of the variance. The numbers represent
genotypes 1, 2, and 3. (B) Loading plot of PC1 vs. PC2; the most important bands are shown.

As already observed, the middle samples were not separated by any principal compo-
nent; therefore, a PCA was carried out only for the classes of young and aged (Figure 8A).
PC1, which explains 51.50% of the variance, separates the samples of these conditions into
two clusters.
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Figure 8. PCA results of FT-IR spectral data on genomic DNA according to condition (young and
aged). (A) Scores plot of PC1 vs. PC2, explaining 83.77%. (B) Loading plot of PC1; the most important
bands are shown. Variables with positive values are important wavenumbers for young samples,
and those with negative values are important for aged samples.
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Regarding the loading plots (Figure 8B), it was possible to identify the variables that
are important for each condition. The variables with positive values for PC1 are important
bands for the young samples; among them, the bands at 1672, 1574, 1380, 1350, 1100, 1064,
1024, and 998 cm−1 are the most outstanding. On the other hand, for the aged samples, the
most important variables are observed with negative values for PC1, such as the bands at
1704, 1646, 1556, 1410, 1364, 1336, 1080, 1040, 1012, 908, and 790 cm−1.

3.5.2. Classification Method According to Condition

As observed in the exploratory analysis, the samples according to genotype do not
present any pattern that would allow observing clustering; therefore, this was not modeled
for classification. On the contrary, PLS-DA classification models were built to classify the
samples according to their condition. The results of the cross-validation for the two models
are presented in Table 2. The model developed between the three conditions did not give
good classifications, achieving 70.4% classification accuracy. As already seen in the PCA
(Figure 7A), the middle samples were between the young and aged samples, so a poor
classification was to be expected. On the other hand, when the model was built only for
young and aged samples, the classification accuracy increased considerably, to 100%.

Table 2. Cross-validation confusion matrices for the classification between young-middle-aged and
young-aged samples using the PLS-DA model. Y: young; M: middle; A: aged; %CA: percentage of
classification accuracy (% of samples correctly classified).

Classes PLS-DA

Young-Middle-Aged

Actual class
Predicted as class

%CA
Y M A

Y 7 2 0 77.8
M 3 5 1 55.6
A 0 2 7 77.8

Mean 70.4

Young-Aged

Actual class
Predicted as class

%CA
Y A

Y 9 0 100.0
A 0 9 100.0

Mean 100.0

Thus, it is possible to correctly classify Pinus radiata DNA samples according to their
condition as young or aged; we can also associate certain bands with this classification. This
can be seen in the variable importance in projection (VIP) plot (Figure 9). Among the most
important bands to differentiate and distinguish both conditions are the bands at 1350 and
1040 cm−1. Furthermore, all the bands above the significance threshold lie in the observed
bands on the loading plot (Figure 8B). By analyzing both graphs together, it was possible to
identify which bands were significant for each condition. This is summarized in Table 3.
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Table 3. Important information for each class of the most relevant bands identified by the VIP
(PLS-DA) and loading (PCA) plots.

Wavenumber (cm−1)
Associated to the Class

PCA VIP

1704 1704 Aged
1672 1672 Young
1646 1646 Aged
1574 1576 Young
1556 1556 Aged
1410 1410 Aged
1380 1382 Young
1364 1364 Aged
1350 1350 Young
1336 1336 Aged
1100 1098 Young
1080 1080 Aged
1064 1064 Young
1040 1040 Aged
1024 1024 Young
1012 1012 Aged
998 998 Young

4. Discussion

Determining how to reduce costs in the SE process without affecting the quality
of the embryos is an issue facing many companies and institutions that promote SE, in
combination with cryopreservation, as a vital biotechnological tool in clonal forestry [22,43]
and genomic selection [44,45]. In addition to improving methods for PEMs induction, Se
differentiation, germination, and emblings conversion, it is important to connect these
steps effectively to maximize production efficiency and minimize economic cost [46,47]. SE
requires complex cellular, biochemical, and molecular processes for embryo formation and
development. Thus, in order to use SE as a complement to clonal forestry, it is essential
to determine the degree of stability of the crop yield due to the accumulated effects in all
in vitro stages [48].

The effect of prolonged subculture of coniferous ET has been widely reported, and
the most affected species seem to be of the genus Pinus. It has been observed that as ET
enters its active proliferative phase, increasing its growth rate, disorganization is generated
in the cellular structures that compose it, indicating progressive aging [16]. In our study,
this disorganization caused a substantial loss in MA, consistent with what was observed in
other species, such as Pinus pinaster, Pinus massoniana, Pinus koraiensis, and Picea balfouri-
ana [19,21,48,49], where a degradation of immature embryos was also observed, depending
on the number of accumulated subcultures. This degradation, resulting from the presence
of numerous suspensor cells, likely affects developmental signaling within the embryo,
which implies a certain degree of recalcitrance in pine species and is associated with the
events that govern the initial formation of the suspensor [15].

To date, there have been different theories on the possible mechanisms associated
with the loss of yield in the maturation phase, in addition to the damage that could be
generated because of handling during subculturing. Although, in some species, ET can
multiply in culture media free of PGRs [50], the vast majority require a complex network
of interactions between endogenous and exogenous PGRs, mainly auxins and cytokinins,
during the early pro-embryogenic stages and ethylene, gibberellic, and abscisic acids later
in the development of Se [11,51,52]. Therefore, prolonged exposure to these regulators,
mainly 2.4-D auxin, could generate an imbalance in their transport or synthesis, which
could cause problems in the following stages [14,19,53].

An important and still suboptimal process during in vitro Se maturation is the biosyn-
thesis and deposition of storage proteins, which are rich in high-nitrogen (N) amino acids
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such as arginine. The mobilization of these N-rich proteins is essential for the germination
and production of vigorous somatic seedlings [54]. Although low conversion to plants has
been reported in some conifers, this has been associated with specific genotypes [55]. In
the data obtained, the lower germination rate observed in Se, the decrease in hypocotyl
length, and the low conversion to plants were observed in all genotypes, indicating a
cross-sectional effect resulting from ET aging. This effect has been reported in other mass-
produced species, such as Coffea arabica [56] and Olea europaea [57]. On the other hand, in
these species, as in our study, no differences were observed in rooting, survival, or ex vitro
acclimatization for the generated emblings.

The results obtained indicate that there may be large losses of productivity (MA)
because of the time of subculture, even reaching losses of over 60% in lines maintained for
more than 1 year. Although, in general terms, it has been described that the reduction of
the MA in species of the genus Pinus can occur in about 9 months [22], in our laboratory,
we observed that for Pinus radiata, this time could be shorter and was consistent for
embryogenic lines with different degrees of productivity (low, medium, and high). In a
previous work carried out by our work team, we observed that after cryopreservation there
was a decrease in the MA [7]; however, on that occasion, this parameter was only evaluated
4 weeks after growth reactivation, which coincides with the data obtained in this study
(C + 4). In this study, where the evaluation was carried out for a later and longer time, it was
observed that the young ET can improve its MA as a result of a potential beneficial effect of
cryopreservation, similar to what was reported in white spruce by Gao et al. [58]. This is
because the genes involved in stress response and auxin signal transduction could promote
the expression of genes associated with the development of early Se [59] or the elimination
of non-embryogenic cells with a high water content, which favors the development of viable
meristematic cells in the embryo head. Therefore, considering the number of subcultures
prior to cryopreservation (8 weeks on average) and the decrease in MA observed beginning
at 15 weeks post-cryopreservation (C + 15), it is notable that after 6 months of proliferation,
ET begins a considerable decrease in the production of Se.

The main problem is that the decline or loss of MA is only visible after maturation. Se
maturation is one of the longest and most expensive phases of SE [60], and for this reason,
it is necessary to ensure that the ET used is in optimal conditions to generate the Se that
will give rise to the plants. As a result of long-term storage of embryogenic cultures, loss of
embryogenic potential and maturation ability has been reported due to the accumulation of
somaclonal variations as a result of changes in the level of ploidy, gene mutations, and/or
changes in DNA methylation levels [61]. In studies on the somaclonal variation associated
with the age of the cultures, the observed effects have a predominance only in some specific
genotypes [62], and in other cases, they are associated with abnormal Se phenotypes at the
precotyledon and cotyledon level [63], which could suggest that some embryogenic lines
could be more susceptible as they get older. In studies where 5-azacitidine (5-azaC) has
been applied to aged ET, it has been shown that the methylation pattern can be manipulated
by treating the cultures with this hypomethylating drug since the observed response was
an increase in fresh mass and the potential for Se maturation [64]. It has been reported
that DNA methylation is higher in those lines that are not highly productive in terms of Se
generation [17,65]. Although these evaluations were not carried out on the same genotypes
over time, this could suggest that epigenetic effects may play an important role in the
correct development of Se as the ET ages. Although this information does address the root
cause of the problem, it could guide us towards the use of tools to identify this problem at
an early stage through rapid DNA analysis. In this way, it would be possible to identify the
ET that is still capable of generating Se and generate work strategies that allow maximizing
the use of ET when undertaking mass production of plants in clonal forestry programs.

A technique that allows us to identify changes at the global level of DNA is FT-IR
spectroscopy [31]. This technique uses mid-infrared radiation to detect the vibration of
certain molecular groups present in biological samples. According to Tymchenko et al. [66],
the fingerprint region can be divided into three different spectral zones for DNA: the
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1800–1550 cm–1 region is mainly represented by the absorption of groups in the nitroge-
nous bases of DNA. This region is characterized mainly by vibrations of the C=O, C=N,
and C=C bonds of purine and pyrimidic DNA rings [67,68]. The 1550–1160 cm–1 region
mainly comprises the vibrations of groups within bases and sugars of DNA. This region
is characterized mainly by C3′-endo sugar vibrations [69] and by vibrations of the C=N
bonds of adenine and guanine [66]. The 1150–800 cm–1 region represents the vibrations of
groups within the sugar-phosphate backbone of DNA. This region is characterized mainly
by symmetric PO2- vibrations, diester bond vibrations, and deoxyribose vibrations [70].
The analysis of the DNA spectra from young and aged Pinus radiata ET shows differences
in these three regions in a large number of bands, which could be used as markers of ET
age to predict MA.

The double helical structure of DNA, which is stabilized by long-range intra- and inter-
backbone forces, including hydrogen bonds between base pairs and stacking interactions
between neighboring bases, may exist in different conformations [71]. The four most
important bands were chemically assigned; the bands assigned to young tissue were the
bands 1672 cm−1 and 1350 cm−1, which were associated with C=O stretching of guanine
and with purine in syn conformation, respectively [72,73]. The bands assigned to aged
tissue were the bands 1364 cm−1 and 1040 cm−1, which were associated with cytidine in
anti-conformation and with C-O stretching vibrations of the backbone, respectively [72,74].

Multivariate analysis allowed us to identify the characteristic peaks in the spectra that
are responsible for the greatest variation between an ET capable of generating Se (young)
and one that has lost its MA (aged). The results of our work indicate that it is possible
to discriminate between embryogenic tissue DNA samples with different cumulative
subculture times, which in turn is related to the MA of each of them. Although the analysis
does not show a clear separation of genotypes in samples with different subculture times, it
is interesting to observe that in young samples, it is possible to discriminate a genotype of
low productivity (genotype 1) from a medium one (genotype 3) and a good one (genotype
3). This needs to be validated with a greater number of genotypes in future studies. This
find would also be very useful since it could allow the identification of genotypes with
low or high maturation abilities prior to entering them into the maturation phase, which
is one of the most expensive phases in the plant production process through somatic
embryogenesis. With this, genetic materials with good probabilities of generating Se could
be selected at an early stage, which would decrease the costs of plant production.

5. Conclusions

The prolonged subculture of P. radiata ET generates losses in maturation ability in
the medium term. Therefore, for the use of SE in clonal forestry, it is critical to determine
the degree of stability of crop yield in addition to the potential for mass propagation. The
morphological aspects that have been analyzed in this study in relation to the decrease
in the MA of the Pinus radiata ET subcultured in the long term give us a vision of the
importance of generating cultivation strategies, combined with cryopreservation, which
can ensure the mass propagation of elite genotype plants.

Given that the macromorphological aspect and, in some cases, the microscopic obser-
vations of the ET do not indicate abnormalities that could indicate a loss of the tissue’s
ability to generate mature Se that will give rise to emblings, it is necessary to have other
quality predictors. The results obtained from the FT-IR spectroscopy analysis indicate that
it is feasible to use mid-infrared spectroscopy to differentiate between ETs with different
cumulative subculture times based on the spectra obtained from their DNA, which is
directly related to maturation ability.

Our results are intended to support the search for quality control tools that will allow
SE to be a profitable technique as a large-scale plant production system. More studies
are required to simplify the sampling of ET and evaluate the consistency of this predictor
across a large number of genotypes.
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