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Abstract: Sample size fluctuation and the restriction of measurements that demonstrate kinetics
(typical of physiological processes) are two of the largest inferential constraints in studies on em-
bryonic development in vitro. Thus, we hypothesize that a practical and robust way of aggregating
knowledge on aspects of embryonic development in vitro is to use measurements based on the binary
counting component. These are typically used to measure the germination process (intraeminal
embryonal development). Our biological model was Dragon’s blood (Croton lechleri Miill Arg.),
a species native to the Amazon with great socioeconomic impact. Matrices originating from two
populations (one native and another cultivated) were the source of biological material. From this
material, we studied five sampling densities (5, 25, 50, and 100 embryos), forming a 2 x 4 factorial
ANOVA. Among the measurements studied, the coefficient of variation of time, uncertainty, and the
synchronization index were the most sensitive to sample-size fluctuation. The synchronization index,
however, also proved to be an interesting measurement to detect the parental effect related to the
place of occurrence of the matrices. The embryonic development ability, mean development time,
and mean development rate were not affected by fluctuations in the sample size or the origin of the
material, demonstrating highly conserved traits of the species. Finally, in general, the measurements
based on binary counting demonstrated robustness for modeling embryonic growth.

Keywords: embryo development; functional traits; growth and development; modeling and measurements;

sample size

1. Introduction

Plant tissue culture is a science that is based on the determination of hormonal balance
(mainly auxin-cytokinin interactions) in species-specific protocols [1,2] to facilitate the
management of germplasm banks and to clarify hormonal functions [2-4]. However, few
algebraic aspects have been determined to explore the patterns of in vitro development.
Only absolute measurements, as the percentage value of the number of events, were
popularized among plant scientists [5,6]. These measurements are practical, but they do
not allow a clear analysis of the kinetics of physiological processes. The kinetic aspects
play a key role in understanding patterns of development in an organism, organ, cell, or
tissue [7,8]. Thus, we ask: How can we improve our understanding of in vitro development
aspects? An answer could come from growth/development measurements made for
various aspects of the seed germination process.
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The development aspects as a whole can be studied by means of continuous (in which
any real value can be attributed to the event) or discrete characteristics (in which the
event happens or not, i.e., a binomial phenomenon), which ends up defining inferential
aspects associated with data distribution [8-11]. In general, germination is the most studied
discrete physiological process [7], whereas mass accumulation (fresh or dry) is the most
commonly studied continuous event [11]. In the case of in vitro cultivation, embryonic
development is only quantified through the total percentage of positive events and, in
some cases, through the dry mass [12]. Thus, to make inferences about in vitro embryonic
development, the researcher either only assigns absolute values, working with small
samples, or substantially increases the sample size due to the destruction of individuals at
each time of analysis, for example, the measurement of growth dynamics, such as biomass
curves (destructive analysis) [8]. What is not considered in this type of analysis is the
fact that embryonic development presents the potential to be considered a binomial event,
in which development occurs or not. For this, it is possible to make an analogy with
seed germination, an intraseminal amphibolic process where the embryo grows/develops
through the seed wraps (reserve material + teguments) [13]. Germination is measured
at each time interval using embryonic protrusion as a criterion; if the primary root is the
protruded embryo structure, the geotropic curve is used to quantify a germination event
in the sample; if it is the shoot, the chlorophyll pigmentation on the seedling or young
plant sensu stricto is used to identify the germination process [7,14,15]. This is done so
that only individuals with proven vitality are recorded. This criterion can be used in any
experimental design that investigates embryonic growth/development, including in vitro.
The problem, in this case, is that the classic measurements of seed germination may be
sensitive to sample-size fluctuation [16], which is common in in vitro experiments. Now,
the question arises: would the seed germination measurements be valid to assess embryonic
development in vitro since the sample size is much smaller than that used for experimental
designs for seed germination? We expected the answer to be yes.

To date, there have been almost no reports on aspects of sample size for in vitro
cultivation of plants. The few reports we found tried to develop a model to promote robust
and standardized inferences about the sample size [17,18]. For example, some authors used
one (e.g., Buthia Eriospatha Mart. by [19]), others four (e.g., Jatropha sp. L. by [20]), and others
eight embryos (e.g., Phoenix dactylifera L. by [21]) as samples for experiments on embryonic
development. This becomes even more significant in the case of native species, which have
a low degree of genetic improvement and therefore great intraspecific variability. This
variability may affect inferences on early development patterns and, therefore, may reveal
physiological traits affected by sample-size fluctuation. This makes it difficult to manage
biological material (e.g., germplasm banks) or compare results, whether for technical or
academic purposes [16,22].

Croton lechleri Miill Arg is a monotypic arboreal species originating in the Amazon and
known for its medicinal properties [23]. Morphologically, there are records of individuals
measuring up to 20 m in height and with a diameter at breast height (dbh) of 30 cm,
even in commercial fields [24]. The cordiform leaves and the minute clustered unisexual
cream-yellow flowers (terminal inflorescence bisexual) are peculiarities used to identify
the species in the field [25]. Other important biological reports on the botany of the species
are (i) the anemochory, hydrochory, and zoochory dispersion of the fruits (capsule type),
which contain small seeds (5.37 mm x 5.82 mm X 5.80 mm) according to [26], and (ii) the
cyclic phenological behavior, with flowering (in the dry season) and the dissemination
of well-defined seeds (in the rainy season) [27]. From an ethnopharmacological point of
view, the sap of the species is used in the treatment of ulcers, gastritis, and diarrhea; to
increase immunity in patients with AIDS [27]; and as an antitumor treatment [28,29]. The
species has been conquering important markets, including commercialization in Western
countries [30]. Nevertheless, there are no studies related to embryonic development in vitro
for the genus Croton. This fact is worrying, considering the predatory practices that occur
with most of the native medicinal species of the Amazon [31]. Considering this and the
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fact that the lack of standardization of the experimental sample size tends to be greater
for native species that have a lower economic impact and a higher ecological impact than
cultivated species [32], C. Lechleri was used as the biological model for our study.

Given the above, using development measurements determined for binomial events,
we have two expectations: i. to obtain new insights into classical biotechnology; and ii. to
establish the effects of sample-size fluctuation on physiological inferences about in vitro
embryonic development. This second expectation is very important because the sample
effort (i.e., a functional limit between variability and increment of sample size, where
increasing the sample size does not entail statistical improvement) excessively restricts
the sample size studied. For this, the hypothesis is that classical measurements of the
seed-germination process may be relevant to the understanding of the in vitro embryonic
development process, with the most appropriate measurements being those that are robust
and not sensitive to sample-size fluctuation. The objective, therefore, is to provide a new
way to understand the physiology of development processes in vitro from measurements
based on binary counting.

2. Materials and Methods
2.1. Fruit Collection and Processing

We used fruits from mother plants established at two sites: a native environment and
a cultivation environment (Table S1). The mother plants are separated by approximately
nine kilometers (Table S1). The number of populations supplying biological material was
restricted according to the fertility of the individuals (mother plants) within the perimeter
of 20 km of the collection area (a naturally occurring forest). In any case, the establishment
of populations in such distant places ensures adequate variability among plant populations
for sample size studies. The collection was conducted before the dehiscence of the fruits,
and the removal of the seeds was conducted in the laboratory with the aid of orthodontic
pliers, scissors, and tweezers.

2.2. Seed Disinfestation and Embryo Development In Vitro Protocols

The disinfestation process occurred in a laminar flow chamber. The seeds were im-
mersed in ethanol at 70% purity for one minute and then immersed in a sodium hypochlo-
rite solution at 1% of the commercial compound (NaOCl), supplemented with a drop of
Tween-80 (for each 50 mL) for 15 min. The process was terminated after three rinses in
reverse-osmosis water.

To extract the embryos from the seeds, a stereomicroscope was used, and the extracted
embryos were immediately placed in test tubes (150 mm x 25 mm) with 10 mL of QL
culture medium [33]. Each test tube contained one embryo. The choice of this type of
medium was attributable to positive results obtained in pretests, which were probably due
to the high concentration of total nitrogen (39.0 mM) [34]. The medium was supplemented
with 30 g L~! sucrose and solidified with 7 g L~! agar. The pH was adjusted to 5.8.

As there is a possible effect of mutual stimulation related to embryonic development
processes in native species [16,35], we chose to study the robustness of development
measurements through the effect of sample-size fluctuation with different numbers of
test tubes to simulate the sample sizes under study. This experimental design followed
that recommended by [16], in which the experimental units are randomized according
to the precepts of the casualization assumption [36], but the number of individuals per
experimental unit fluctuates according to the sample size factor. Here, the sample factor had
four levels, i.e., 5, 25, 50 and 100 embryos. The samples were divided into five subsamples
(=five replicates), which had 1, 5, 10, and 20 embryos as the experimental units. Notably,
the extraction of embryos is extremely laborious because the structure of the seed is highly
sensitive to handling. Therefore, the largest experimental unit was made up of 20 embryos.

The embryos conditioned to the nutritive medium were kept in the in vitro cultivation
room at 25 °C with a photoperiod of 16 h (16 L: 9 D, mean photosynthetic photon flux
density (PPFD) equal to 22.5 umol m~2 s~ 1). Assessments of embryonic development were
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performed every 12 h at the same times until the number of embryos developed reached
stabilization, which occurred seven days after conditioning. The criterion established
for development was the geotropic curvature of the root and/or the pigmentation of the
cotyledon (Figure 1), which confers autotrophic ability for the early establishment of the
plant individual.

Figure 1. Embryo of Dragon’s blood (Croton lechleri Miill Arg.). (A) Freshly collected /extracted
from seed; (B) embryo developed in vitro after 48 h, with green pigmentation of the chlorophyll
cotyledon and geotropic curvature of the root; (C) embryo not developed after 192 h of experimental
data recording.

The other factor in the study was the origin of the population of embryo donor seeds.
The mother plants were selected from two populations since there is a known maternal
effect (due to the maternal environment) on the quality of the embryo produced [37-39].
The experimental design followed a double factorial scheme with fixed factors: 2 (mother
plant population) x 4 (sample size). The null hypothesis of this interaction was that
the development measurement was robust enough to study embryonic development,
regardless of the associative effect between the sample size and the population of origin
of the biological material. When there was no interaction between the factors, the study
of the main effects was carried out, in which (i) the results of the studied character are
not affected by the sample size, regardless of the effect of the plant population; (ii) the
results of the studied character are not affected by the plant population, regardless of the
sample size. The term “percentage of developed embryos” was used because, according
to [7,15], germination is a process of embryonic development through the wraps (reserve
material + teguments) of a seed, starting with the imbibition per se of the seed /diaspore
and ending with the embryo protrusion. In the present study, the embryo was removed
from the mechanical wraps, and therefore, the nomenclature ‘germination process’ or
‘germination’ is not appropriate.

2.3. Embryo Development Measurements

The number of developed embryos [(DE (%)] is the number of functional embryos in
the sample. Therefore, DE is the percentage of developed embryos with geotropic curva-
ture and/or pigmentation under experimental conditions. This indicates the autotrophic
capacity of young plants sensu stricto [7,14]. Other measurements used here are the mean
development time of the embryo [f(hours)], calculated by the expression proposed by [40],
in which the number of embryos developed in the time intervals established for data
collection is used for weighting [7]. The coefficient of variation of the development time
[CVt (%)], according to [7], measures the degree of dispersion of embryonic development
around the mean development time, allowing the evaluation of the uniformity of embry-
onic development across the experiment time. The mean development rate of the embryo
[ (hours—1)] was calculated according to [41] as a frequency that allows the observation
of embryonic development across time [7]. According to [16], this is a measurement with
similar criteria to that used by chemical kinetics to measure the velocity of reactions. The
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uncertainty of embryonic development [U (bits)], proposed by [42], associated with the
distribution of relative frequency highlights the variation of embryonic development across
time. The lower the uncertainty value, the more predictable the development will be. The
synchronization index of embryonic development (Z), calculated according to [7], evaluates
the overlap of events, being more synchronous to the sample that represents greater overlap
and, therefore, a value closer to 1 [7,43]. In addition, the frequentist measurement, here
called the relative frequency of embryonic development (fi), calculated according to [42],
was plotted. Through frequency, it is possible to observe how embryonic development
occurs across time [14]. In the text, we also describe the development time range, i.e., the
time between first and last stages of embryonic development. This development time
range can be observed from graphs of the relative frequency of embryonic development.
All embryo-development measurements (calculus and nomenclature) were contextualized
from seed science, and further information can be found in [7,44].

2.4. Experimental Design and Statistical Analysis

The treatments were arranged in a randomized complete block design (RCBD) with
a2 x 4 (mother plant population x sample size or number of embryos) factorial scheme
in five replicates. The level of the sample-size factor equal to 5 embryos was excluded
for dataset processing when the embryo-development measurements had an algebraic
limitation to calculus, i.e., 0.5, when the embryo number in a subsample or experimental
unit was equal to one (see details in Results and Discussion). Consequently, in this case,
the factorial scheme was 2 x 3 (mother plant population x sample size). This experimental
design is according to [16,22]. For the statistical analyses, the Shapiro-Wilk test was used to
test the normality of the residual; Levene’s test was used to test the homogeneity between
the variances; and Tukey’s test was used to test the additivity between the blocks, all at
the 0.01 level of significance (x = 0.01; Table 1). Once these assumptions were accepted,
the Snedecor test (ANOVA) was applied to the dataset, and then the Tukey’s test for
comparison between means was used, all at the 0.05 level of significance (« = 0.05). We
opted to perform parametric analysis of the percentage of developed embryos (%) that,
even when transformed, did not meet all assumptions but reduced the F value of the
Levene test and/or increased the W value of the Shapiro-Wilk test, as suggested by [45].
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Table 1. Statistics and probability (P) of tests used for processing the dataset of the development pattern of embryos of Dragon’s blood (Croton lechleri Miill Arg.)

in vitro.
Characters
Statistics - -
t (Day) CVt (%) U (Bit) V4 ED (%) v (Day—1)
w 0.924 0.951 0.983 0.951 0.962 0.927
(P) (0.010) (0.084) (0.787) (0.080) (0.193) (0.012)
. 1F 2.688 2.059 3.200 1.635 4.721 2.323
ANOVA Assumptions (P) (0.26) (0.78) (0.011) (0.161) (0.001) (0.049)
2F 3.666 3.592 0.648 0.565 20.848 1.790
(P) (0.066) (0.069) (0.428) (0.459) (0.000) (0.192)
Source of 3F 3F 3F 3F 3F
Model Variation DF MS @) MS ®) MS MS ®) DF MS @) MS @)
. 0.740 28.427 419.583 19.882 1.261 0.273
Sample Size 2 002 i 0.619 0.000) 3257 (00000) 0.943 (0.0000) 3 0150 o Zogg 00002 i
Mother Plant 0.051 2.117 2.846 5064 4.085 0.066
Population 1 0002 8222 0046 01568) 0022 1027 0.240 (0.0325) 1 0486 o509y 000004 7997
Factorial Sample Size x
0.152 1.1492 1.300 1.521 1.440 0.142
ANOVA  Mother Plant 2 0.005 09276) 0.032 (0.2383) 0.010 (02940) 0.072 0.2307) 3 0.171 025200 00001 0oty
Population
Block 4 0.048 - 0.039 - 0.011 - 0.038 - 4 0.003 - 0.008 -
Error 20 0.030 - 0.022 - 0.008 - 0.047 - 28 0.019 0.006
(g/‘; 7.79 41.14 10.40 49.28 - - 1.89 18.16

Note: W: statistic of Shapiro-Wilk test for residual normality (p > 0.01); 'F: statistic of Levene test for homogeneity of variances (p > 0.01); F: statistic of Tukey test for additivity
(p > 0.01); DF: Degrees of Freedom; MS: Mean Square; 3F: statistic of Snedecor test (Factorial- ANOVA; p < 0.05). f: mean development time for the embryo; ED: percentage of embryos
developed; 7: mean development rate for the embryo; CV#: coefficient of variation of the development time for the embryo; Z: synchronization index for the embryo. The statistical

analyses for characters were based on transformed data by /x or, in case of percentage data, by arcsine v/x/100. CV: Coefficient of Variation.
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3. Results and Discussion

The embryo-development measurements were not influenced by the associative effect
between the sample size and the population of mother plants (Table 1, Figure 2). Thus,
these measurements can determine patterns of in vitro development without compromising
statistical inferences. In the inferential scope, the standard practice for the area is to only
quantify the percentage of total embryos developed during the experimental time [6]. In
the case of our model plant, the embryos had a high development capacity (ED > 90%)
(Figure 2), and therefore, the plausible conclusion would be that the maternal effect was
not strong enough to alter the pattern of embryonic development of the species. This
makes much more sense when taking into consideration that the core of the maternal effect
was associated with wraps [46], which were discarded for our in vitro embryo cultivation.
Those wraps had most or all of the genetic material of maternal origin [37,39]. On the other
hand, the question is: what is the benefit of using the other measurements? The answer is
in the inference about the kinetics and uniformity of the physiological process.

When considering only the absolute value related to the total development events,
one neglects how this process proceeded across time [47]. Thus, little is known about
metabolic aspects, for example. Many classical physiologists have used the calculations of
robust measurements to infer the time, velocity, and uniformity of binomial physiological
processes, i.e., whether they occur or not [7]. These calculations have been made easier
with review articles, interactive spreadsheets (e.g., [44]), and biological computational
advances (e.g., those achieved with R). Currently, these measurements are used not only
with the objective of demonstrating the physiological process per se but also as a guide
for molecular measurements, which are more sophisticated and have the ability to deepen
knowledge about specific aspects of biological processes (e.g., [48]). Here, our biological
model demonstrated that time measurements (especially mean development time and
development time range—descriptive measurements from graphs of the relative frequency
of embryo development; Figures 2 and 3) can be used to classify development performance
without losing statistical robustness due to sample-size fluctuation. This, however, does
not mean that these measurements do not suffer from the size of the experimental unit.
One of the reasons for the mean development time not distinguishing between the plant
populations was the large amount of variability among the values found for the different
blocks, even though they had lower experimental variability (see CV, Mean Square for
sample size and of the block in contrast to the Error Mean Square; Table 1). When the
plot unit was only one embryo, the mean development time represented the pattern of
one individual, and therefore, the population effect was mischaracterized by the weight
of the individual physiology (see Figure 3). That means the subsample becomes non-
representative of the sample and, consequently, of the species (or any other treatment
being studied). It is also important to emphasize that the mean development time for the
embryo, when presented with residuals adhering to a normal distribution, demonstrates
the moment when it will be possible to observe the largest number of embryos developed
in the sample (see [7]). Therefore, the measurement may be useful for the production of
protocols aimed only at punctual observations of the occurrence of total sample events.

The mean development rate of the embryo measures the kinetics. This measurement
was similar between the treatments because the embryos demonstrated low variability
according to the population and/or the sample size fluctuation (see Mean Square values in
Table 1; Figure 2). This corroborates the theory that, by measuring the kinetics of events in a
nonlinear way [7,16], the measurement is a robust inference for the metabolic performance
of a binomial event distributed across time, such as germination [7,16,49-51]. The mean
development rate has also been considered a fingerprint for the species [16,52]. Thus, the
embryonic development of Croton Lecheleri presents a mean metabolic rate of 0.019 h~!
(Figure 2). It is important to note that, for experimental designs that use measurement as a
way to measure development, the experimental unit should be standardized, as is done with
seed testing (e.g., [53]), or the individual should be isolated in exclusive containers, as was
done in the present work. These measurements prevent the mutual stimulus attributable to
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volatile signals, hormonal or not, finely regulated by some species and demonstrated as a
possible fragility of the measurement [16], from being a non-controlled source of variation
for laboratory tests.

Mean development rate (hour ')
Mean values Embryo developed (%)

Mean values

100 - A A
80 4
60 —
40 -
20 1
0
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Figure 2. The development measurements calculated from embryo development in vitro of Dragon’s

blood (Croton lechleri Miill Arg.) in which developmental pattern was defined by different sample

size (embryo number) and/or mother plant population (1: mother plant population established in

natural environment area; 2: mother plant population established in cultivated environment area).

The capital letter represents the Tukey test statistic («x = 0.05) for the mean comparison of the sample

size factor, while the lower case represents the Tukey test statistic for the mean comparison of the

mother plant population factor. *: It is a highlight for the exclusion of lower sample size for some

characters due to its algebraic limitation for replicates without variability (i.e., only one embryo per

experimental unit).



Agriculture 2023, 13, 1618

90f13

Relative frequency of embryo development

FETF

Mother Plants Population

0.600=
0,400+
0.200=

0.000-

0.600-

0.400=

0,200

0.000

1A

0,600

0,400
0.200-

0.000=

0.600=
0.400=

0.200

0,000+

(soliqua Jo Jaqunu) azis a|dwes

0oL

e

A
e

B
Do
i
o
5

S PIIEIL

St
Tl
26 1

A
8

201
0z 1
ZE L=
b -
95 |
291
0B |-
b
B0 1=
0% I
7E |-
tr 1
BE |-
201

Time (hours)

Figure 3. Relative frequency of embryonic development based on in vitro assays of Dragon’s blood
(Croton lechleri Miill Arg.) in which developmental pattern was defined by different sample sizes
(embryo number) and/or mother plant populations (1: mother plant population established in
natural environment area; 2: mother plant population established in cultivated environment area).

In the case of classical biotechnological aspects of plants, such as tissue culture, one
of the most interesting precepts is the uniformity of the seedlings produced [12]. In this
way, the study of the coefficient of variation of the development time, uncertainty, and
synchronization index of the embryo can be quite interesting for the stage of multiplication
and/or establishment of the protocols, whether routine or experimental. This is clear in the
results presented here (Figure 2); even when the percentage of developed embryos, time,
and velocity measurements do not show significant differences, the uniformity measure-
ments manage to demonstrate these differences. The problem here, however, is robustness
against the sample-size variation. All measurements of the uniformity of the embryonic
development process in Croton Lecheleri were sensitive to sample-size variation. This had
been mentioned for Z and CVt when the object of study was seed germination of native
species [16], but this is the first time that sensitivity to the sample size is confirmed for
measuring uncertainty. This characteristic is derived from the Shannon index, which is con-
sidered by ecologists to be sensitive to sample-size fluctuations [54]. Before this, however,
it is possible to highlight some important points. (i) These measurements should naturally
be sensitive to sample-size variation because they measure the sample disturbance related
to the occurrence of a random event. Thus, the greater the number of individuals in the
sample, the greater the probability of an event occurring and, therefore, the greater the dis-
turbance in the sample. This can be visually noticed through the relative frequency graphs
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for embryonic development, in which the amplitude of developing events (development
time range) increases with the increase in the sample size (see fi in Figure 3), as well as
the values of these measurements. However, even when there were a greater number of
explants per sample and/or subsample, the inference obtained from the measurements did
not change. This was the opposite of what was noted for seed germination of non-dormant
and/or native species sensitive to the phenomenon of mutual stimulation [16]. This is
because, from a sufficient sample size point of view, the development measurements in
fact measure uniformity (see Table 1 and Figure 3). (ii) Here, it is worth remembering
that there are models, such as the modified maximum curvature method [55], that have
been successfully adapted to calculate the sufficient sample size for physiological charac-
teristics with binomial occurrence, such as seed germination [22,56], in an easy and safe
way. Therefore, sample size standardization can be made feasible not only for practical
purposes, such as the use of universal protocols, but also for academic purposes, in which
the use of the measurements would become a framework for the collection of inferential
information about the physiological uniformity of the treatments under study. (iii) Still
on the nature of the measurements, it is important to point out that the uncertainty, the
coefficient of variation of time, and the synchronization index cannot be calculated when
only one individual composes the experimental unit [7]. This is because an individual
does not allow the calculation of variance and therefore cannot infer sample or population
processes. Thus, whether for measurement calculation or statistical inference, one should
avoid using only one explant as an experimental unit based on the fact that the death of
this explant inflates the statistics and /or hinders the analyses when it is considered a lost
experimental unit.

Some investigators may understand that the increment of the coefficient of variation
of the development time is a problem that should not occur since there is widespread
thinking that the coefficient of experimental variation is a marker of ‘experimental precision’
(e.g., [57]). This thinking is unsound [45] because it disregards practical issues, such as the
biological material under study [14]. In general, native species, such as Croton lecheleri, have
high intraspecific genetic variability, which increases this coefficient of variation. This is
not related to experimental precision. In this sense, it is also possible that the coefficient of
variation of the development time is not synonymous with the coefficient of variation from
the experimental conditions; therefore, the interpretation should be more biological and
focused on precepts once defined in the crosstalk between physiology and experimental
statistics (see [8,16,58]). Similarly, it is worth noting that the synchronization index, being
the only measurement capable of validating differences between the plant populations,
is quite interesting because it demonstrates that overlapping events are a phenomenon
associated with the ability of the mother plant to provide seedling recruitment in the face
of the environment. This would make inferences about the measurement sensitive if the
nature of the measurement and the fact that it is drastically affected by the size of the
experimental unit were not considered and therefore usable in universal protocols.

We are unaware that some other report has considered binomial development mea-
surements to define patterns established for plant explants in in vitro studies or discussed
how the sample-size fluctuation can affect the physiological inferences of these laboratory
techniques. This, by itself, would make the present work a guide to be improved by other
authors, in which aspects such as the stage of fruit development could be studied as a
cause of variation in the ability of an embryo of a native species to develop evenly and
quickly. However, this work also sets a precedent that not only the sample size be studied
as a variation factor in in vitro cultivation designs but also the size of the experimental unit.
For example, it is necessary to study other types of explants by extrapolating the sample
size used in this research, which had a sample size limit of 100. It is also noteworthy that
this value was established since the manipulation of embryos is a delicate and exhaustive
work, which would not be the case, for example, for seeds or explants of leaf, root, stalk, or
meristem. For all these types of explants, development can be considered a physiological
phenomenon with a binomial pattern. The production of roots with a size greater than
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2 mm, also usual for some seed physiologists (e.g., [59]), or the production of calli are two
examples of this binomial pattern (in this case, seeds and vegetative parts, respectively).

In a restrictive way, despite the satisfactory embryo development rate of Dragon’s
blood, the process did not occur in a uniform way, regardless of the population and
quantity of embryos that comprised the sample (32.47% < CVt < 56.14%) (Figure 2). This
heterogeneity was also observed by [60] for the germination of Anadenanthera Colubrina
(Vell.) Brenan. The authors of the aforementioned work attribute such a pattern to native
species that are subject to selective pressures from the environment. This environmental
pressure may have caused heterogeneity in the development of the embryos of the species
we studied. We standardized the embryo size during the experimental implantation, but it
was not possible to measure its early capacity for development and /or maturation in the
seed. This reinforces that the measurements capture even the nuances of the development
process and therefore have the capacity to detail patterns when using different hormonal
treatments or culture media. The contribution is that these measurements can extract more
information from the same test when considering what is currently used in the area of plant
tissue culture.

4. Conclusions

From this study, we conclude that (i) among the measurements presented, the least
robust measurements to sample-size fluctuation for inferences on embryonic development
are those that measure uniformity (CVt, U, and Z). (ii) In addition to the total percentage
of embryonic development, it is possible to infer with statistical robustness aspects of
developmental kinetics when using mean development time and mean development rate.
(iii) Frequentist measurements, such as the frequency of embryonic development and the
development time range, complement the absolute measurements by promoting visual
insights into the process. (iv) Small samples, with only one individual as a replicate, should
be avoided so that physiological aspects may be representative of the sample and/or
biological population under study. Thus, it is recommended that studies on the sufficient
sample size of in vitro cultivation be encouraged, especially when the target biological
material is a native species that has high intraspecific variability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture13081618 /s1, Table S1: Geographic coordinates of
the population of the mother plant population of Dragon’s blood (Croton lechleri Miill Arg.). UTM:
Universal Transverse Mercator.

Author Contributions: ]. P.R.-O. and J.P.d.A. designed the experiments; ].P.d.A. and J.B.d.O.-]. per-
formed the experiments; J.P.R.-O. analyzed the data and wrote the manuscript; ] PR.-O., E.A.A.d.S.
and FH.d.S.C. conceived and directed the research, analyzed and interpreted the data, and wrote
and edited the manuscript. E.A.A.d.S.: funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) for financial support and the scholarship of the co-first authors (financial code:
001), and The APC was funded by FAPESP (grant number 2017/50211-9).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are grateful to the Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) for financial support and the scholarship of the co-first authors (financial code: 001).

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/agriculture13081618/s1
https://www.mdpi.com/article/10.3390/agriculture13081618/s1

Agriculture 2023, 13, 1618 12 of 13

References

1. Thorpe, T. History of Plant Tissue Culture. Methods Mol. Biol. 2012, 877, 9-27. [PubMed]

2. Thorpe, T.A. History of Plant Tissue Culture. Mol. Biotechnol. 2007, 37, 169-180. [CrossRef] [PubMed]

3. Gamborg, O.L. Plant Tissue Culture. Biotechnology. Milestones. Vitr. Cell. Dev. Biol. Plant 2002, 38, 84-92. [CrossRef]

4. Davies, K.M.; Deroles, S.C. Prospects for the Use of Plant Cell Cultures in Food Biotechnology. Curr. Opin. Biotechnol. 2014, 26,
133-140. [CrossRef] [PubMed]

5. Vasil, LK. A History of Plant Biotechnology: From the Cell Theory of Schleiden and Schwann to Biotech Crops. Plant Cell Rep.
2008, 27, 1423-1440. [CrossRef]

6. Shahzad, A.; Sharma, S.; Parveen, S.; Saeed, T.; Shaheen, A.; Akhtar, R.; Yadav, V.; Upadhyay, A.; Ahmad, Z. Historical Perspective
and Basic Principles of Plant Tissue Culture. In Plant Biotechnology: Principles and Applications; Springer: Singapore, 2017; pp. 1-36.

7. Ranal, M.A,; De Santana, D.G. How and Why to Measure the Germination Process? Braz. J. Bot. 2006, 29, 1-11. [CrossRef]

8. Nobel, P.S. Physicochemical and Environmental Plant Physiology; Academic Press: Amsterdam, The Netherlands, 2009.

9.  Hunt, R. Basic Growth Analysis; Springer: Dordrecht, The Netherlands, 1990; ISBN 978-0-04-445373-4.

10. Roderick, M.L. On the Measurement of Growth with Applications to the Modelling and Analysis of Plant Growth. Funct. Ecol.
2000, 14, 244-251. [CrossRef]

11. Pérez-Harguindeguy, N.; Diaz, S.; Garnier, E.; Lavorel, S.; Poorter, H.; Jaureguiberry, P.; Bret-Harte, M.S.; Cornwell, W.K.; Craine,
JM.; Gurvich, D.E.; et al. New Handbook for Standardised Measurement of Plant Functional Traits Worldwide. Aust. |. Bot. 2013,
61, 167. [CrossRef]

12. Smith, R.H. Plant Tissue Culture: Techniques and Experiments; Academic Press: Cambridge, MA, USA, 1992; ISBN 9780126503401.

13. DPenfield, S. Seed Dormancy and Germination. Curr. Biol. 2017, 27, R874-R878. [CrossRef]

14. Santana, D.G.; Ranal, M. Andlise da Germinagdo: Um Enfoque Estatistico, 1st ed.; UNB: Brasilia, Brasil, 2004.

15. Bewley, J.D.; Bradford, K.J.; Hilhorst, H.W.M.; Nonogaki, H. Seeds; Springer: New York, NY, USA, 2013; ISBN 978-1-4614-4692-7.

16. Ribeiro-Oliveira, J.P; Ranal, M.A. Sample Size in Studies on the Germination Process. Botany 2016, 94, 103-115. [CrossRef]

17. de Morais, A.R.; de Aratjo, A.G.; Pasqual, M.; Peixoto, A.P.B. Estimagdao Do Tamanho de Parcela Para Experimento Com Cultura
de Tecidos Em Videira. Semin. Cienc. Agrar. 2014, 35, 113. [CrossRef]

18. Peixoto, A.P.B; Faria, G.A.; Morais, A.R. de Modelos de Regressao Com Platé Na Estimativa Do Tamanho de Parcelas Em
Experimento de Conservagao in Vitro de Maracujazeiro. Cién. Rural. 2011, 41, 1907-1913. [CrossRef]

19. Minardi, B.D.; Voytena, A.P.L.; Randi, A.M.; Zaffari, G.R. Cultivo in Vitro de Embrides Zigoticos de Butia Eriospatha (Mart. Ex
Drude) Becc. Insul. Rev. Botin. 2011, 40, 70-81.

20. Jesus, M.A.S; Pasqual, M.; Dutra, L.F,; Chagas, E.A. Cultivo in Vitro de Embrides Zigéticos de Jatropha. Ceres 2003, 50, 183-189.

21. Costa, N.M.S,; Aloufa, M.A.I. Desenvolvimento in Vitro de Embrides Zigéticos de Tamareira. Rev. Cién. Agroné. 2007, 38, 276-279.

22. Ribeiro-Oliveira, ].P,; Ranal, M.A.; Garcia De Santana, D.; Pereira, L.A. Sufficient Sample Size to Study Seed Germination. Aust. J.
Bot. 2016, 64, 295-301. [CrossRef]

23.  Campos, M.S. Avaliagdo da Biocompatibilidade da Seiva do Croton Lechleri (Sangue de Dragio) em Tecido Subcutdneo de Ratos; Universi-
dade Estadual Paulista: Aracatuba, Brazil, 2009.

24. Smith, B.A. A New Species of Croton (Euphorbiaceae) from Ecuador. Novon 2006, 16, 273-274. [CrossRef]

25. Caruzo, M.B.R.; Cordeiro, I. Sinopse Da Tribo Crotoneae Dumort. (Euphorbiaceae s.s.) No Estado de Sao Paulo, Brasil. Hoehnea
2007, 34, 571-585. [CrossRef]

26. Medonga, M.N.S.; Almeida, M.; Firmino, J.L.; Ramos, L.B.; Santos, A.M. Biometria Dos Frutos e Sementes de Sangue de Grado
Croton Lechleri Muell. Arg Euphorbiaceae. In Proceedings of the Sociedade Brasileira para o Progresso da Ciéncia 66; Sociedade
Brasileira para o Progresso da Ciéncia: Rio Branco, Brazil, 2014.

27. Azevedo, K.; Alechandre, A.; Lima, A.; Leite, A.; Melo, T,; Costa, J.; Pereira, M.A.; Campos, C.A.; Lima, A. Guia Para a Extracao de
Sangue de Grado (Croton Lechleri Miill. Arg.): Recomendagoes Técnicas Para a Extracao de Latex de Sangue de Grado (Sangue
de Dragao). 2013. Available online: https://ipam.org.br/wp-content/uploads/2008/04/guia_para_a_extrac%CC%A7a%CC%83
o_de_sangue_de_grado_.pdf (accessed on 7 June 2022).

28. Fayad, W.; Fryknds, M.; Brnjic, S.; Olofsson, M.H.; Larsson, R.; Linder, S. Identification of a Novel Topoisomerase Inhibitor
Effective in Cells Overexpressing Drug Efflux Transporters. PLoS ONE 2009, 4, €7238. [CrossRef]

29. De Marino, S.; Gala, F,; Zollo, E; Vitalini, S.; Fico, G.; Visioli, F; Iorizzi, M. Identification of Minor Secondary Metabolites from the
Latex of Croton Lechleri (Muell-Arg) and Evaluation of Their Antioxidant Activity. Molecules 2008, 13, 1219-1229. [CrossRef]

30. Montopoli, M.; Bertin, R.; Chen, Z.; Bolcato, J.; Caparrotta, L.; Froldi, G. Croton Lechleri Sap and Isolated Alkaloid Taspine Exhibit
Inhibition against Human Melanoma SK23 and Colon Cancer HT29 Cell Lines. J. Ethnopharmacol. 2012, 144, 747-753. [CrossRef]
[PubMed]

31. Oliveira, T.G.; Pereira, A.M.S.; Coppede, ].S.; Franga, S.C.; Ming, L.C.; Bertoni, B.W. Genetic Diversity Analysis of Croton
Antisyphiliticus Mart. Using AFLP Molecular Markers. Genet. Mol. Res. 2016, 15, 1-8. [CrossRef] [PubMed]

32. Ribeiro-Oliveira, J.P.; Ranal, M.A. Brazilian Forest Seeds: A Precarious Beginning, a Heady Present and the Future, Will It Be
Promising? | Sementes Florestais Brasileiras: Inicio Precario, Presente Inebriante e o Futuro, Promissor? Cienc. Florest. 2014, 24,
771-784. [CrossRef]

33.  Quoirin, M.; Lepoivre, P. Etude de Milieux Adaptes Aux Cultures in Vitro de Prunus. Acta Hortic. 1977, 78, 437-442. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/22610616
https://doi.org/10.1007/s12033-007-0031-3
https://www.ncbi.nlm.nih.gov/pubmed/17914178
https://doi.org/10.1079/IVP2001281
https://doi.org/10.1016/j.copbio.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24448214
https://doi.org/10.1007/s00299-008-0571-4
https://doi.org/10.1590/S0100-84042006000100002
https://doi.org/10.1046/j.1365-2435.2000.00414.x
https://doi.org/10.1071/BT12225
https://doi.org/10.1016/j.cub.2017.05.050
https://doi.org/10.1139/cjb-2015-0161
https://doi.org/10.5433/1679-0359.2014v35n1p113
https://doi.org/10.1590/S0103-84782011001100010
https://doi.org/10.1071/BT15254
https://doi.org/10.3417/1055-3177(2006)16[272:ANSOCE]2.0.CO;2
https://doi.org/10.1590/S2236-89062007000400011
https://ipam.org.br/wp-content/uploads/2008/04/guia_para_a_extrac%CC%A7a%CC%83o_de_sangue_de_grado_.pdf
https://ipam.org.br/wp-content/uploads/2008/04/guia_para_a_extrac%CC%A7a%CC%83o_de_sangue_de_grado_.pdf
https://doi.org/10.1371/journal.pone.0007238
https://doi.org/10.3390/molecules13061219
https://doi.org/10.1016/j.jep.2012.10.032
https://www.ncbi.nlm.nih.gov/pubmed/23123266
https://doi.org/10.4238/gmr.15017461
https://www.ncbi.nlm.nih.gov/pubmed/26909989
https://doi.org/10.5902/1980509815738
https://doi.org/10.17660/ActaHortic.1977.78.54

Agriculture 2023, 13, 1618 13 of 13

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

Machado, M.P,; Biasi, L.A.; Ritter, M.; Ribas, L.L.E; Koehler, H.S.; Zanette, F. Meios de Cultura Na Micropropagacao Do
Porta-Enxerto de Videira “VR043-43" (Vitis Vinifera x Vitis Rotundifolia). Cién. Rural. 2007, 37, 277-280. [CrossRef]
Ribeiro-Oliveira, J.P.; Silveira, L.E.D.; Pinto, L.V.A ; Silva, E.A.A_; Hilhorst, H-W.M. Clues on an Intraspecific Communication
System in Seed-Seedling Transition. Physiol. Plant 2021, 172, 1609-1618. [CrossRef]

Neter, J.; Kutner, M.H.; Nachtsheim, C.J.; Wasserman, W. Applied Linear Statistical Models; Irwin: Chicago, IL, USA, 1985; Volume 4.
Roach, D.A.; Wulff, R.D. Maternal Effects in Plants. Annu. Rev. Ecol. Syst. 1987, 18, 209-235. [CrossRef]

Fenner, M. The Effects of the Parent Environment on Seed Germinability. Seed Sci. Res. 1991, 1, 75-84. [CrossRef]

Baskin, J.M.; Baskin, C.C. How Much Influence Does the Paternal Parent Have on Seed Germination? Seed Sci. Res. 2019, 29, 1-11.
[CrossRef]

Labouriau, L.G.A. Germinagdo de Sementes; Secretaria Geral da Organizacao dos Estados Americanos: Caracas, Venezuela, 1983.
Labouriau, L.G.A. On the Physiology of Seed Germination in Vicia Graminea I. Acad. Bras. Cienc. 1970, 42, 235-262.

Labouriau, L.G.; Valadares, M.B. On the Physiology of Seed of Calotropis Procera. An. da Acad. Bras. de Cién. 1976, 42, 235-264.
Primack, R.B. Variation in the Phenology of Natural Populations of Montane Shrubs in New Zealand. ]. Ecol. 1980, 68, 849.
[CrossRef]

Ranal, M.A.; de Santana, D.G; Ferreira, W.R.; Mendes-Rodrigues, C. Calculating Germination Measurements and Organizing
Spreadsheets. Rev. Bras. de Botin. 2009, 32, 849-855. [CrossRef]

Ribeiro-Oliveira, J.P.; de Santana, D.G.; Pereira, V.J.; dos Santos, C.M. Data Transformation: An Underestimated Tool by
Inappropriate Use. Acta Sci. Agron. 2018, 40, 1-11. [CrossRef]

Penfield, S.; MacGregor, D.R. Effects of Environmental Variation during Seed Production on Seed Dormancy and Germination.
J. Exp. Bot. 2017, 68, 819-825. [CrossRef] [PubMed]

Mcnair, J.N.; Sunkara, A.; Frobish, D. How to Analyse Seed Germination Data Using Statistical Time-to-Event Analysis: Non-
Parametric and Semi-Parametric Methods. Seed Sci. Res. 2012, 22, 77-95. [CrossRef]

Waterworth, W.M.; Footitt, S.; Bray, C.M.; Finch-Savage, W.E.; West, C.E. DNA Damage Checkpoint Kinase ATM Regulates
Germination and Maintains Genome Stability in Seeds. Proc. Natl. Acad. Sci. USA 2016, 113, 9647-9652. [CrossRef]
Ajala-Luccas, D.; Ribeiro-Oliveira, ].P.; Duarte Silveira, L.E.; da Silva, E.A.A. An Integrative Insight on Dormancy Alleviation in
Diaspores of Urochloa Humidicola (Rendle) Morrone & Zuloaga, a Tropical Grass with Great Economic and Ecological Impact.
Plant Biol. 2018, 20, 252-262. [CrossRef]

Silveira, L.E.D.; Ribeiro-Oliveira, J.P.; Ajala-Luccas, D.; Bravo, ].P.,; da Silva, E.A.A. A Molecular Framework for the Embryo
Growth in Germinating Seeds of Solanum Lycocarpum A. St.-Hil., a Nurse Plant Species. Ann. Appl. Biol. 2019, 175, 136-145.
[CrossRef]

de Souza, B.L.; Ribeiro-Oliveira, ].P,; Bravo, J.P.,; Dias, G.E; da Silva, E.A.A. What Happens When the Rain Is Back? A Hypothetical
Model on How Germination and Post-Germination Occur in a Species from Transient Seed Banks. PLoS ONE 2020, 15, e0229215.
[CrossRef]

Ferreira, WR.; Ranal, M.A.; de Santana, D.G.; Nogueira, A.P.O. Germination and Emergence Measurements Could Group
Individuals and Species? Braz. J. Bot. 2015, 38, 457—468. [CrossRef]

ISTA. International Rules for Seed Testing 2019. 2019. Available online: https:/ /www.seedhealth.org/files /2019 /02 /ISTARules2
019SHmethods7-019a-opt.pdf (accessed on 7 June 2022).

Peet, R K. Relative Diversity Indices. Ecology 1975, 56, 496—498. [CrossRef]

Meier, V.D.; Lessman, K.J. Estimation of Optimum Field Plot Shape and Size for Testing Yield in Crambe Abyssinica Hochst. Crop
Sci. 1971, 11, 648-650. [CrossRef]

Ribeiro-Oliveira, J.P.; Ranal, M.A. Sample Size and Water Dynamics on Germinating Diaspores: The First Step for Physiological
and Molecular Studies on the Germination Process. Plant Biosyst. 2018, 152, 840-847. [CrossRef]

de Souza, R.A.; Hungria, M.; Franchini, ].C.; Chueire, L.M.d.O.; Barcellos, F.G.; Campo, R.J. Avaliagao Qualitativa e Quantitativa
Da Microbiota Do Solo e Da Fixagao Biologica Do Nitrogénio Pela Soja. Pesqui. Agropecu. Bras. 2008, 43, 71-82. [CrossRef]
Ribeiro-Oliveira, J.P; Ranal, M.A.; de Santana, D.G. A Amplitude Amostral Interfere Nas Medidas de Germinacao de Bowdichia
Virgilioides Kunth? Cienc. Florest. 2013, 23, 623-634. [CrossRef]

Pinto, L.V.A.; Da Silva, E.A.A.; Davide, A.C.; De Jesus, V.A.M.; Toorop, P.E.; Hilhorst, H.W.M. Mechanism and Control of Solanum
Lycocarpum Seed Germination. Ann. Bot. 2007, 100, 1175-1187. [CrossRef]

Dorneles, M.C.; Ranal, M.A.; de Santana, D.G. Germinacao de Sementes e Emergéncia de Plantulas de Anadenanthera Colubrina
(Vell.) Brenan Var. Cebil (Griseb.) Altschut, Fabaceae, Estabelecida Em Fragmentos Florestais Do Cerrado, MG. Cién. Florest. 2013,
23,291-304. [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://doi.org/10.1590/S0103-84782007000100046
https://doi.org/10.1111/ppl.13379
https://doi.org/10.1146/annurev.es.18.110187.001233
https://doi.org/10.1017/S0960258500000696
https://doi.org/10.1017/S0960258518000417
https://doi.org/10.2307/2259460
https://doi.org/10.1590/S0100-84042009000400022
https://doi.org/10.4025/actasciagron.v40i1.35300
https://doi.org/10.1093/jxb/erw436
https://www.ncbi.nlm.nih.gov/pubmed/27940467
https://doi.org/10.1017/S0960258511000547
https://doi.org/10.1073/pnas.1608829113
https://doi.org/10.1111/plb.12655
https://doi.org/10.1111/aab.12523
https://doi.org/10.1371/journal.pone.0229215
https://doi.org/10.1007/s40415-015-0153-y
https://www.seedhealth.org/files/2019/02/ISTARules2019SHmethods7-019a-opt.pdf
https://www.seedhealth.org/files/2019/02/ISTARules2019SHmethods7-019a-opt.pdf
https://doi.org/10.2307/1934984
https://doi.org/10.2135/cropsci1971.0011183X001100050013x
https://doi.org/10.1080/11263504.2017.1353551
https://doi.org/10.1590/S0100-204X2008000100010
https://doi.org/10.5902/1980509812346
https://doi.org/10.1093/aob/mcm211
https://doi.org/10.5902/1980509810541

	Introduction 
	Materials and Methods 
	Fruit Collection and Processing 
	Seed Disinfestation and Embryo Development In Vitro Protocols 
	Embryo Development Measurements 
	Experimental Design and Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

