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Seed physiology is related to functional and metabolic traits of the seed-seedling
transition. In this sense, modeling the kinetics, uniformity and capacity of a seed
sample plays a central role in designing strategies for trade, food, and
environmental security. Thus, POMONA is presented as an easy-to-use
multiplatform software designed to bring several logistic and linearized models
into a single package, allowing for convenient and fast assessment of seed
germination and or longevity, even if the data has a non-Normal distribution.
POMONA is implemented in JavaScript using the Quasar framework and can run
in the Microsoft Windows operating system, GNU/Linux, and Android-powered
mobile hardware or on a web server as a service. The capabilities of POMONA are
showcased through a series of examples with diaspores of corn and soybean,
evidencing its robustness, accuracy, and performance. POMONA can be the first
step for the creation of an automatic multiplatform that will benefit laboratory
users, including those focused on image analysis.

KEYWORDS
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1 Introduction

The perspective of automation in data collection and analysis is feasible and ofters an
opportunity to improve inter- and intra-laboratory quality control in science (Benos et al.,
20215 Rejeb et al., 2022). For seed science, this quality not only guarantees reproducibility
and replicability of results, but also plays a central role for national and international trade
(Katalin et al., 2009). Taking this into account, robust algorithms, using artificial
intelligence and machine learning, have been considered the future for quality
operations, specially by integrating image analysis and processing with classical
physiological measurements (Deal et al., 2020; de Medeiros et al.,, 2020; Galletti et al.,
2020; Ribeiro-Oliveira et al., 2020; Barboza da Silva et al., 2021; Batista et al., 2022; Oliveira
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etal., 2022). This, for example, can also be observed in platforms for
phenotype analysis during the seed-seedling transition, such as
SeedGerm (Colmer et al., 2020), or ScreenSeed, a novel high
throughput seed germination phenotyping method based on
computer vision (Merieux et al., 2021). It is possible to mention
other examples of this technology transference such as the
GERMINATOR, a high throughput scoring and curve fitting
software for seed germination (Joosen et al., 2010; Ligterink and
Hilhorst, 2017), and the SeedStor, a publicly available database for
the seed collections held by the Germplasm Resources Unit (GRU)
(Horler et al,, 2018), It’s important to highlight that other
phenotyping high throughput systems have been proposed over
the years, including a chlorophyll fluorescence-based imaging
(ChIF) system to detect emerging cotyledons (Pavicic et al.,
2019), and an automatic computer vision system using RGB
image-based analysis to detect radicle emergence (Ducournau
et al,, 2005). The next step is to use an interface such as the web
that would not only be used as a way to transition traditional
methods to a fully automated system, but also be an important
extension tool. This would make aspects that are little explored
more available and promote the development of seed science. That’s
inspired the development of POMONA. This is the name of the
Roman goddess of fruit trees, gardens, and orchards.

One of the biggest bottlenecks for seed scientists is to manage
the multidisciplinary aspects that the area presents. Over the last
century, for example, several authors have promoted seed
germination and seedling emergence modeling tools in order to
make the process highly elucidated (Ranal and de Santana, 20065
Mcnair et al., 2012). However, few scientists were able to absorb this
technology, since algebraic calculations did not always make the
measurements accessible (Ranal et al., 2009). Specifically, in the last
twenty years many advances have occurred in the standardization
and use of measurements of kinetics, uniformity and synchrony of
germination (Ribeiro-Oliveira and Ranal, 2014; 2016). This was
possible through the popularization of reviews on the subject and
papers specifically aimed at calculating these measurements, which
go from the preparation of spreadsheets (Ranal et al., 2009) to
insertions of packages still incipient in recent programming
languages, such as R project (Lozano-Isla et al,, 2019; Silva et al,
2019). Regardless of the strategy, the volume of users of the
measurements and the clarifications given by them to
physiological phenomena led to improvements in aspects of
biology, physiology, ecology and seed technology. Nevertheless,
there is still a lack of technological interfaces that provide a
bridge between academia and seed laboratories, such as an free
and easy-to-use web interface, with the ability to promote insights
on important aspects, such as viability, longevity and vigor.

Currently, the proposal of Joosen et al. (2010) and Silva et al.
(2019) present some solutions for the calculation of longevity, but
articulations, especially that respect the statistical context of non-
normality, still need to be introduced. Therefore, robust models,
using Generalized Linear Models, were proposed, reducing the need
of statistical knowledge (dos Santos et al., 2019; de Faria et al., 2020).
This is an important perspective, especially for the calculation of
parameters sensitive to deviations to the Normal distribution, such
as Ps. The calculations for Pso, classically used by seed scientists to
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determine seed longevity (presenting central role in germplasm
banks) and to promote insights on the physiology of vigor samples,
are still restrictively performed due to the poor familiarity of
technicians and scientists of the area with statistics. Taking this
into account, POMONA is presented as a technological resource for
seed scientists and technologists. The intention is not only to
promote a transition from traditional systems to more robust
features such as current algorithms, but also to promote an
interactive tool for calculating parameters associated with vigor in
order to contextualize new insights from the area, enabling easier
decision making. That is the first step to introduce image analysis to
technical laboratories. The aim, therefore, is to introduce a new
processing tool, which will promote the inclusion of insights from
the physiological/experimental statistics interface.

2 Methodology

Two biological models were used to prove the applicability and
robustness of POMONA. They were soybean (Glycine max L.) seeds
and corn (Zea mays L.) caryopses (henceforth called seeds for
technical purposes). The choice of these biological models was
because soybean and corn are the most cultivated eudicotyledonous
and monocotyledonous species around the world, respectively
(USDA, 2022). Consequently, those species also are routinely
analyzed by seed technologists worldwide.

2.1 Seed production and physiology

Seeds were collected from commercial trials around Brazil
(South, Midwest and North regions) crop season of 2017/2018. In
a pre-test, we selected twenty-three seed lots from commercial
soybean cultivars and six seed lots from commercial corn cultivars
as a study case to apply POMONA. In general, seed samples had
approximately 5-7 kg both for soybean and corn. As they were part of
a commercial field, the seeds were mechanically harvested. They were
then placed in paper bags and stored at 10°C/55% relative humidity
(RH) until the beginning of the experiment, which was no more than
30 days later.

The water content of the soybean and corn seeds was determined
by oven drying at 105 + 3°C for 24 hours with five replicates of 20 seeds
(n = 100) and expressed in percentage. Soybean seedlings in post-
germination (i.e., normal seedlings) were evaluated by using six
replicates of 50 seeds using germination paper, imbibed in water at
25 °C in the dark in biochemical oxygen demand (BOD) chambers.
The first count of normal seedlings, a vigor test according to ISTA
(2019), was performed 5 days after sowing (DAS), and the final count
was done 8 DAS.

Two classical tests were also used for analysis of seedling vigor:
1. accelerated aging for soybean; and 2. cold test for corn. These
tests are the most used for vigor classification in seed lots for each of
the species analyzed here. The accelerated aging test was performed
on soybean seeds during 24 hours at 95% RH at 41°C. For corn
seeds, the post germination test was done with six replicates of 50
seeds sown in germination paper imbibed in water at 25°C under
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constant light in BOD chambers. The first normal seedling count
was performed 4 DAS, and the final count was done 7 DAS. All the
results were expressed in terms of percentage of normal seedlings.
The cold test without soil was conducted with four replicates of 50
seeds, on paper towels moistened with water at 2.5 times the dry
paper weight. The rolls were packed in plastic bags and kept in a
cold chamber at 10°C for seven days. After that, they were taken out
of the plastic bags and placed in a germinator at 25°C, under
constant light, for four days (Barros et al., 1999). The percentage of
normal seedlings was calculated. The longevity of soybean and corn
seeds was assessed by keeping the seeds at constant 50%, 60%, 75%
and 80% of RH at 35°C in hermetically sealed plastic boxes. At
different times during storage, seeds were imbibed as described
above and germination was recorded. In addition, median time for
seed germination was expressed by tsg, defined by the time that 50%
of the seeds took to germinate. Longevity was expressed by Ps,
defined as the time (days) after which the seeds lost 50% of their
viability during storage.

In parallel to the seedling assays, the germination process was
evaluated by considering seeds as germinated when the protruded
radicle showed a length of 2 mm. The records were processed daily at
a same hour. From these protrusion data, germinability (G,
Labouriau, 1983); mean germination time (¢, Labouriau, 1983);
median germination time (tso, Coolbear et al, 1984) and mean
germination rate (v, Labouriau, 1970) were calculated. In addition,
time between 16% and 84% of germinated seeds (ugy;¢), area under
curve before 120 h (AUCy) and time for 10% of seed sample
germination (t;) were calculated according to Joosen et al. (2010).
Student’s ¢ test (at 0.05 significance) was used for comparison
between samples for each of these measurements.

2.2 Model fitting

The curves from the longevity, germination or seedling in post-
germination versus time were plotted. To predict the Psy time, the
following models were used: a. F(p) = ®~!(p) (probit; Ellis and Roberts,
1980), and b. F(p) = In[p/(1 - p)] (logit; Faria et al,, 2020). The models
of Boltzmann, Gompertz and Hill were analyzed with times from t = 0 to
t = m, where m differs depending on the species. The Boltzmann model
can be defined as: y = % + A,, where: A, = Initial frequency; A, =
Final frequency; dt = time constant; t = experimental time; t, = time in
which the frequency is 50% (t(1/2)); e = base of the neperian logarithm. In
this function, the value of tsy is directly determined by the fit. The

(~k(t-tc)

Gompertz model can be defined by y=ae™ , where: y=
accumulated percentage of germination or post germination at time t;
a = the maximum percentage of accumulated germination or post
germination; k = the germination or post germination velocity to
reach the asymptotic value; t = time; tc = time at which y reaches half
of its maximum value; e = base of the neperian logarithm. The Hill model
by El-Kassaby et al. (2008) is y = y0 + ax? / (c” + xP), where: y is the
accumulated percentage of germination or post germination at time t,
0 is the intercept in the y axis, a is the maximum percentage of
accumulated germination or post germination, b is the parameter to
control the behavior curve, and ¢ is the t5,. The data were evaluated for
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normality before and after data transformation according to the
Kolmogorov-Smirnov test (at 0.05 significance).

2.2.1 Adjustment quality predictors

The model fitting was determined according to biological
significance and: a. The residual standard deviation was SDp =
\/MSE/(n - p), where MSE = mean square error, n = number of
observations and p = number of model parameters, the smaller the
value of the residual standard deviation, the better the fit of the
model. b. The adjusted coefficient of determination was (R? adj.) R?
adj=1- [“’R:+’l)]: where R?*=1-3X js the coefficient of
determination, SSR is sum square regression, SST is sum square
total; p is the number of model parameters; n is number
of observations.

2.3 The hardware of POMONA

POMONA was developed entirely in JavaScript (ECMA
International, 2017), using the asynchronous execution
environment Node.js, version 14.16.1 (https://nodejs.org/en/).
POMONA can import data directly from Microsoft Excel (tm)
spreadsheets, using Sheet]S, version 0.17.4 (https://github.com/
Sheet]S/sheetjs), and CSV files (comma-separated values), using
PapaParse version 5.2.0 (https://www.papaparse.com).

The data processing is comprised of in-house implementations of
some basic vector algebra functions (sum, subtraction, dot product,
norm) used in the construction of logistic and linear models. These
were fitted by a version of the Levenberg-Marquardt method for
nonlinear least squares approximation, using the ml-levenberg-
marquardt library, version 3.1.1 (https://github.com/mljs/levenberg-
marquardt). It provides a set of parameters for fine tuning the
method, including the damping and the error tolerance for the
numerical approximation of the Jacobian matrix.

POMONA’s validation (both germination/vigor and longevity)
was performed by fitting a logistic model with probit and logit link
functions. By using this combination, Psy and ts, values were
estimated as the central point for viability and longevity analyses,
respectively. For viability, the direct association was performed
between Hill's model inferences, estimated by GERMINATOR,
and inferences from a logistic model with link functions (probit
or logit). The robustness of our software was proved by an
overlapping between confidence intervals (o0 = 0.05) calculated for
POMONA parameter models.

3 Results

3.1 Biological models: description and
validation from a physiological and
technological perspective

In general, freshly collected (both corn and soybean) seeds had

high viability, demonstrating germinability higher than 80%
(Tables 1, 2). Two exceptions for soybean cultivar samples (G =
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73.75%) and one for hybrid corn (G = 79%) were observed. Four
germinability patterns described the soybean cultivar samples
(Table 1), and two patterns demonstrated the hybrid corn
behavior (Table 2). On the other hand, the measurements of
kinetics, time and uniformity, as well as the AUC index,
demonstrated more physiological differences among the samples
(Tables 1, 2). In this case, two samples were outliers for soybean,
SAMO7 and SAM22. Seeds from SAMO7 showed a more rapid
process (see v; Table 1), possessing an earlier (t;o; Table 1) and
regular (ugq;6; Table 1) germination, which gave them a precocious
pattern (tso and #; Table 1) for event peaks in the sample.
Consequently, this sample presented the highest germinability
associated with a first germination peak and a more regular
process (see AUC; Table 1). However, SAM22 showed an inverse
pattern for all these measurements (Table 1).

For corn seeds, MAM 01 and MAM 05 stood out with low and
high physiological quality, respectively (Table 2). This biological

10.3389/fpls.2023.1151911

model was effective to demonstrate that seeds with high capacity to
germinate have different behaviors regarding kinetics. This can
affect time for early events and, consequently, peak germination
over time (see tg, tso and f in MAMO04 and MAMO7; Table 2).
However, the regularity in which these events occurred in the early
steps of germination is what defines how early the seed-seedling
transition occurs (see ugy;¢ in MAMO03 and MAMO04 or MAMO5
and MAMO7; Table 2). A consequence is that samples which take
longer to reach germination peak due to slower kinetics had a
similar AUC index to the others that were more precocious (see
MAMO04 and MAMO7; Table 2). These behaviors validated both
biological models to observe the applicability of POMONA from a
physiological point of view.

The samples of soybean and corn seeds had high capacity to
germinate after 30 days (see embryo protrusion in Tables 3, 4).
However, a high variation among the samples analyzed (CV SMA:
73.8%; CV MAM: 89.5%) refuted the pre-testing in which

TABLE 1 Germination process of soybean (Glynice max L.) seeds from different cultivars used as biological model for POMONA's validation.

Cultivar Sample'

Functional traits>*

Ugs16 (h) AUC; 50 (units)
SAM14 100 a 3475 b 22.79b 31.36 b 0.03199 b 14.47 ¢ 88.99 a
SAMO08 100 a 49.06 ¢ 3551d 51.03 f 0.02015 24.89 f 86.29 b
SAMO7 100 a 26.17 a 19.65 a 26.05 a 0.03865 a 11.37 a 91.30 a
SAM13 100 a 31.90 b 25.60 ¢ 31.61 b 0.03187 b 10.89 a 86.29 b
SAM17 100 a 50.29 ¢ 4171 e 50.57 f 0.02013 e 1437 ¢ 69.10 d
SAM21 100 a 34.82 b 24.74 b 35.70 ¢ 0.02839 ¢ 18.08 d 81.32 ¢
SAMO1 100 a 33.10 b 26.19 ¢ 33.11b 0.03172 b 11.80 b 86.29 b
SAMO02 100 a 3482 b 27.68 ¢ 3484 c 0.02893 ¢ 12.15b 84.36 b
SAM18 100 a 40.40 b 35.07d 39.85d 0.02534 d 8.65 a 79.34 ¢
SAMO06 98.75 a 46.53 ¢ 3461d 47.69 e 0.02129 e 2101 e 7124 d
SAM11 98.75 a 36.09 b 2749 ¢ 3641 ¢ 0.02919 ¢ 14.78 ¢ 69.09 d
SAM12 97.50 a 51.96 ¢ 40.81 e 52.61 f 0.01926 e 19.06 d 65.12 e
SAMO09 95.00 b 36.38 b 2843 ¢ 36.26 ¢ 0.03113 b 1331 b 78.75 ¢
SAM19 95.99 b 49.08 ¢ 40.23 e 48.80 e 0.02075 e 14.26 ¢ 66.27 e
SAMO0 93.75b 50.00 ¢ 34.80d 48.86 0.02144 e 2443 67.48 e
SAMO5 93.75b 3475 b 26.96 ¢ 3434 c 0.02947 ¢ 12.78 b 79.03 ¢
SAM16 92.50 b 33.66 b 23.17 b 3356 b 0.02997 ¢ 17.71d 78.13 ¢
SAM10 92.50 b 26.51 a 20.48 a 25.79 a 0.03890 a 9.89 a 86.02 b
SAM15 92.50 b 32.13b 24.62 b 31.60 b 0.03256 b 12.34 b 7991 ¢
SAM20 86.25 ¢ 47.51 ¢ 34.11d 4642 e 0.02182 e 21.57 e 61.47 f
SAM22 83.75 ¢ 12522 d 91.00 f 11944 g 0.00908 f 58.09 g 1523 g
SAMO3 73.75d 46.47 ¢ 29.99 ¢ 39.94d 0.02550 d 18.63 d 57.19 f
SAMO04 73.75d 40.83 ¢ 28.07 ¢ 3583 ¢ 0.02818 ¢ 15.26 ¢ 60.37 f

!: Soybean sample code for commercial lots used as biological model; *: Germination measurements used to analyze seed physiology; G: Germinability; ts): median germination time, t,,: time to
10% of seeds in the sample are germinated; : mean germination time; ¥: mean germination rate; ugy;: time between 16% and 84% of germinated seeds; AUC;,: area under the curve until 120 h.":
For each functional trait, the values followed by the same letter (in column) do not differ by the Student t-test (o = 0:05).
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TABLE 2 Germination process of corn (Zea mays L.) seeds from different cultivars used as biological model for POMONA'’s validation.

Hybrid Sample'

Functional traits®*

t10 (h) t (h) v(h™ Uga1s (h) AUC, 5 (units)
MAMO1 79 b 53.8d 419b 511c 0.0196 b 164 ¢ 538 ¢
MAMO3 992 527 ¢ 400b 5344 0.0187 b 2154 64.0 b
MAMO4 942 5344 452¢ 53.1d 0.0188 b 132b 62.3b
MAMO5 99 a 40.6 a 33.1a 405 a 00251 a 125a 7792
MAMO7 93a 481D 40.1b 4790 00219 a 131b 669 b
MAMO1 79 b 53.8d 419b 511c 0.0196 b 164 ¢ 538 ¢

': Corn sample code for commercial lots used as biological model; >: Germination measurements used to analyze seed physiology; G: Germinability; ts): median germination time, t,: time to 10%
of seeds in the sample are germinated; #: mean germination time; ¥: mean germination rate; uga;6: time between 16% and 84% of germinated seeds; AUC;,: area under the curve until 120 h.*: For
each functional trait, the values followed by the same letter (in column) do not differ by the Student t-test (o = 0:05).

germination for both species had several patterns for seed
germination. For soybean seeds, three germination patterns were
observed (low: 73.8% < G < 78.5%; intermediate: 86.5% < G <
87.0%; high: 91.5% < G <
demonstrated two germination patterns and only one hybrid
sample had low germinability (G = 67.5% Table 3).

On the other hand, normal seedlings in immediate post-

100%). The corn seed samples

germination were segregated into three groups both for soybean
and corn samples (Tables 3, 4). For soybean seeds the patterns (low
transition: 48.0% < NS < 63.0%; intermediate transition: 69.5% < NS
< 79.7%; high transition: 85.5% < NS < 100%) showed minor
variation between samples (CV: 17.24%) compared to the corn seed
patterns (CV: 74.7%; low transition: NS = 35%; intermediate
transition: NS = 63.5%; high transition: 83.5% < NS < 90.5%).

It is important to note that the seed-seedling transition for
samples of both species had different patterns in relation to the
expected from those observed previously in seed germination, i.e.,
there were samples with high germinability but an intermediate
pattern for normal seedling development (for example, SAM21;
MAMO04). That validated biological models, since segregation was
related to seedling vigor (Tables 3, 4), a common use for Py and ts,
analysis. In general, the sample presented different vigor behavior
when analyzed by first count (FC) and accelerated aging (AA) or
cold test (CT) (Tables 3, 4). Despite this, three groups of samples
were determined by the two vigor tests (FC and AA for soybean; FC
and CT for corn). In addition, corn seeds demonstrated a similar
initial water content (10.1% < WC < 12.4%), whereas soybean seeds
had only one sample outlier (WC = 11.0%). The other soybean
samples were similar in this characteristic (6.8% < WC < 8.2%;
Tables 1, 2). Therefore, these behaviors also validated biological
models to analyze POMONA’s applicability from a technological
point of view.

3.2 POMONA's interface and layout

POMONA has an intuitive interface, and the data input can be
done in a very simple way. Figure 1 shows a spreadsheet with two
measurements, “Protrusion 17 and “Protrusion 27, with their
respective “Time” columns. From this information, POMONA is
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capable of supplying estimates. It is important to note that datasets
with similar nature can also be analyzed by POMONA, such as
Normal Seedlings.

3.2.1 Numerical kernel

All linear algebra basic operations used in POMONA were
implemented in JavaScript. Although typically not a numerically
oriented language, JavaScript has shown that a fairly large number
of experiments can have their data fitted for all models in a short
time. This can be done on a range of devices from powerful desktop
computers to mobile devices.

3.2.2 The longevity assessment module: a
case study

In order to illustrate some of the POMONA capabilities, an
example is presented of a soybean longevity assessment using four
repetitions at different times. For the sake of brevity, the screenshots
were taken from its desktop version. The Android app is, for all
purposes, identical to the desktop one, with a few idiosyncrasies
related to mobile platforms (like automatic screen rotation).

When first started, POMONA greets the user with a screen with
two choices: germination and longevity assessment modules. On the
upper right corner, a dropdown menu brings the language selector.
Currently POMONA supports English and Brazilian
Portuguese (Figure 2).

Once the module is selected, a second screen asks for the kind of
file being imported, Microsoft Excel " or CSV (Figure 3). Clicking
on the right pointing arrow opens a system-dependent file open
dialog: mouse-driven on desktop operating systems, touch-based
on Android.

Logistic and linear model fitting is performed with a derivative
free analog of the Levenberg-Marquardt method, integrated into
POMONA through the levenberg-marquardt JavaScript library, a
non-linear fitting library. It provides a set of parameters for fine
tuning the method, including damping and error tolerance for the
numerical approximation of the Jacobian matrix.

From this point on, all relevant logistic and linear models are
fitted and made available for the user. A vertical menu is presented
on the left with the user given experiment names taken from the
spreadsheet. Selecting a different experiment will update the entire
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TABLE 3 Seed-seedling transition in soybean (Glycine max L.) seeds of different cultivar samples after 30 days collected and from a technological
point of view.

Technological traits>*

Cultivar Sample'

FC (%)
SAM17 100.0 a 925a 0.0e 62.0d 6.8 a
SAM21 100.0 a 69.5 ¢ 25.6 ¢ 955a 11.0b
SAMO02 99.0 a 94.0 a 725b 825b 7.6 a
SAMO8 99.0 a 87.0b 70.5 b 71.5¢ 7.5a
SAM14 98.5a 89.5b 76.0 b 65.0 d 7.7 a
SAM20 97.5a 935a 6.0 e 37.1e 72a
SAMO7 97.5a 838.5b 73.0 b 935a 7.9 a
SAMO1 97.0 a 91.0 a 17.0 e 86.0 b 7.7 a
SAM19 96.4 a 793 b 39.44 d 499d 72a
SAM13 96.0 a 89.5b 86.5 a 72.0 ¢ 7.6 a
SAMO0O 94.0 a 935a 86.0 a 71.0 ¢ 7.1a
SAMI11 94.0 a 91.0 a 87.0 a 76.0 ¢ 7.6a
SAMO5 94.0 a 83.0 b 83.5a 49.0d 7.4 a
SAM12 93.5a 855b 79.5a 794 b 7.6 a
SAM22 93.5a 77.5 ¢ 6.0 e 120 e 82a
SAMO6 93.0 a 855b 775b 50.5d 7.7 a
SAM18 924 a 90.4 a 774b 90.0 a 73a
SAMO09 91.5a 81.7b 62.9 ¢ 59.5d 74a
SAM10 89.6 b 79.7 b 718 b 65.5d 74 a
SAM16 87.0b 48.0d 415d 200 e 7.6 a
SAM15 86.5b 63.0 ¢ 49.0d 245 7.6 a
SAMO4 78.5 ¢ 60.5 ¢ 435d 0.0e 7.7 a
SAMO3 73.8 ¢ 56.7 ¢ 382d 0.0e 7.8 a

! Soybean sample code for commercial lots used as biological model; : Measurements used to analyze seed technology; G: Germinability; NS: Normal Seedlings developed in the sample; FC:
Normal Seedlings developed in the sample at first count of seedling development test; AA: Normal seedlings developed after accelerated aging; WC: Water content of seeds in anydrobiosis.”: For
each functional trait, the values followed by the same letter (in column) do not differ by the Student t-test (o = 0:05).

TABLE 4 Seed-seedling transition in corn (Zea mays L.) seeds of different hybrid samples after 30 days collected and from a technological point
of view.

Technological traits>*

Hybrid Sample'

FC (%)
MAMO3 98.5a 87.5a 50.5b 70.5b 117 a
MAMO6 97.5a 88.5a 81.0 a 82.0a 10.1 a
MAMO5 94.0 a 90.5 a 88.0 a 85.5a 113 a
MAMO1 90.5a 835a 40.0 b 714b 112a
MAMO04 89.0 a 63.5b 155 ¢ 67.5b 124 a
MAMO02 675b 35.0c¢ 20.0 ¢ 324c 104 a

!: Corn sample code for commercial lots used as biological model; > Measurements used to analyze seed technology; G: Germinability; NS: Normal Seedlings developed in the sample; FC: Normal
Seedlings developed in the sample at first count of seedling development test; AA: Normal seedlings developed after accelerated aging; WC: Water content of seeds in anydrobiosis.”: For each
functional trait, the values followed by the same letter (in column) do not differ by the Student t-test (o, = 0:05).
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A B | c | D
Time  Protrusion 1 Time  Protrusion 2

2 | 1 0 1| 0
| 3 | 2 0 ‘ 0

4 3 0 3 2

5 4 0 4 4
6 | 5 2 5 4
| /| 6 42 6 39
8 | 7 61 7 55
9 | 8 70 8 62

10 9 81 9 71

1 10 84 10 80
12 11 92 11 85
13 12 92 12 92
4) 138 93 13 93
5| 14 93 14 93
16 | 15 93 15 93
17 16 93 16 93
18 | 17 93 17| 93

19 18 93 18 93
E 19 93 19 93
21 | 20 94 20 94
22 | 21 94 21 94

FIGURE 1

Spreadsheet excerpt illustrating the format supported by POMONA.

interface, including the time-based summary table on the
right (Figure 4).

Selecting the “Logistic Fit” tab presents the user with a plot of
the experimental data (red dots) and the fitted curve (blue line),
along with the P5, longevity assessment parameter (also highlighted
in a box inside the plot), the coefficient of determination (R*) and a
model selection menu (Figure 5). In the case of longevity, the user
can choose from the Boltzmann, Gompertz and the Logistic models.

Finally, in the last tab - “Linear Fit” - the user can appreciate
the fitted linearized models Probit or Logit. The overall interface is

9, Pomona

Germination and vigor

Enables the assessment of seed germination and
vigor stats using logistic and linearized models.

® >

FIGURE 2

the same as that of the logistic tab, presenting the plot, the model
selection menu and the Psy and R* values (Figure 6).

3.2.3 The germination and vigor assessment
module: a case study

POMONA has a consistent interface that standardizes the user
experience for both modules, meaning that the first few steps for the
germination and vigor module are exactly the same as for the
longevity one. Therefore, only the final screen with the results of
the germination assessment for soybean seeds using the Hill Four-

Enables the assessment of seed longevity stats
using logistic and linearized models.

® >

The First POMONA screen, presenting the user with two modules: germination and longevity, along with the language selector at the upper right corner.
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&8 Pomona

Imports  Microsoft Excel (c) spreadsheet with
Tongevity data

@

>

FIGURE 3
POMONA can import Microsoft Excel or Comma-Separated-Values files.

10.3389/fpls.2023.1151911

Csv

Imports a CSV (comma-separated values) file with
Tongevity data

® >

Parameters model (Figure 7) is presented. It should be noted that
the Gompertz model is also available in this module, and the
relevant parameter here is the ts.

3.3 POMONA on Android devices

Given its multiplatform nature, POMONA runs as well on
mobile devices powered by Android. Figure 8 presents a screenshot
taken on a LG K12 device running Android version 10 (cropped on
the right due to screen dimensions).

3.4 Modeling germination and
longevity as a step to predict Psq
and tso — POMONA's validation

To validate POMONA, the logistic model was used for
germination and longevity inferences. For both phenomena,
parameters estimated by POMONA are between confidence
intervals (CI) calculated for the model (Tables 5, 6). Therefore,
POMONA is robust to model germination and longevity
cumulative over time from a statistical point of view.

Estimative of Ps, for both corn and soybean seeds (all samples)
exposed to accelerated aging (75%RH) or cold test from POMONA

are in the boundaries of CI for logistic models with probit and logit
link functions (Table 5). This also demonstrates that the software is
viable to predict the longevity parameter.

On the other hand, the ts, estimative also proved to be robust in
POMONA. In this case, for corn seeds, a great fitting of observed data
on both probit and logit link functions showed the robustness for the
model to predict viability; whereas for soybean seeds the fitting was
minor (Table 6). In any case, even though some samples were not
fitting for this measurement (SAMO1 and SAMO09), the parameters of
models plotted by POMONA were between the upper and lower
confidence intervals calculated (Table 6). Therefore, POMONA is also
applicable to promote germination analysis from ts. It is important to
note that t5, estimates are also similar to those estimated by Hill’s
model, defined for germination process characterization (Tables 1, 2).
This reinforces POMONA’s applicability.

4 Discussion

POMONA was conceived to be a high-throughput image
processing platform of low-cost and free access for scientists and
technologists involved with the seed industry. The idea is to give

g rones
PROTRUSION 2 i
Tume (Sos) Bupetmon | Bepetten l Pegennon ) Beetran d Poywntan § Geatrant
PROTRUSION 3
L] " " "we "we " wo

FIGURE 4

Experiment names on the left and a time-based summary of the experimental data on the right.
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& Pomona
PROTRUSION 1

PROTRUSION 2
Model selection

PROTRUSION 3 Boltzmann

o e

PROTRUSION 4

FIGURE 5

TABULAR DATA

10.3389/fpls.2023.1151911

LOGISTIC FIT

LINEAR FIT

Logistic fit tab showing the model selection menu, Pso longevity assessment and coefficient of determination (R?), along with the plot of the

experimental and fitted data.

replicability and reproducibility for seed lab results in a friendly
multiplatform interface. Thus, a first step was to introduce
POMONA as a platform for measurement calculations from
models used to explain germination and longevity of seed
samples. This was done to overcome a structural barrier of
technology transference: difficulties of classical technicians to
adopt new technologies (both statistical and computational tools).
Other tools were development with this perspective, such as R
packages (Lozano-Isla et al., 2019; Silva et al,, 2019), spreadsheets
(Ranal et al., 2009) and high-throughput scoring as GERMINATOR
(Joosen et al., 2010) and SeedGem(Colmer et al., 2020). These
solutions have limitations such as the need to know a programing
language, or model fitting restrictions. Thus, POMONA is
introduced a priori as a complementary tool for indexes up to
now not calculated by a free-access seed science platform. To
support this, our findings were based on two structures:
experimental and theoretical to support POMONA’s applicability.

First, pre-testing was observed to be effective to provide at
least three groups of physiological quality in seed-seedling
transition for both biological models. That was possible mainly
due to seedling vigor status and a deep study on kinetics, time and

‘0’ Pomona

PROTRUSION 1

TABULAR DATA

PROTRUSION 2
Model selection

PROTRUSION 3 Probit

T 50 W Unearized expernmen

PROTRUSION 4 8

FIGURE 6

indexes related to regularity of germination events over time. This
is not new, and for the last two decades has been defended by seed
scientists such as Ranal and de Santana (2006), who strived to
provide robust and pure measurements to analyze seed-seedling
transition. Here, the fitting curve of GERMINATOR was used as
part of the physiological characterization, but classical
measurements from Ranal et al. (2009) were also used. Taking
this into account, it was observed that corn seeds were more
predictable than soybean seeds regarding germination and normal
seedling patterns. This was expected and it occurs due to
anatomical peculiarities for each biological model. Soybean
seeds are a ‘true seed’, whereas corn seeds are caryopses (Bewley
et al., 2013 sense). A consequence of this is a higher sensitivity of
soybean in early steps of germination which hinders estimative,
compared to what is observed in corn seeds (see Ribeiro-Oliveira
et al., 2020). Therefore, model fitting should be more accurate for
seed-seedling transition of corn seeds than soybean seeds. It is
important to note that from a seed technology point of view, only
seed samples with high seedling development patterns can be used
for trade (ISTA, 2019). Here the main concern is not with causes
of differences from abnormal seedlings, poor seed viability or

LOGISTIC FIT

LINEAR FIT

Ps0

26.78

R

0.9306

Linear probit fit showing the model selection menu, Psq longevity assessment and coefficient of determination (R?), along with the plot of the fitted data.
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8 Pomona
PROTUSION 1

PROTUSION 2
Model selection
Hill Four Parameters.

FIGURE 7
POMONA showing the results for the germination and vigor assessment

seedling development, including response due to the genotype
factor. For the research these measurements were only used as a
way to prove physiological differences. From a statistical and
physiological point of view, using sample groups with an
intermediate and low capacity of seed-seedling transition
enables more robust inferences (Ribeiro-Oliveira and Ranal,
2016; Ribeiro-Oliveira et al., 2016; Ribeiro-Oliveira and Ranal,
2018; Ribeiro-Oliveira et al., 2020), and this was considered in
order to keep all samples of each biological model. From this
point, it was observed that POMONA is applicable to model
germination (viability), vigor and longevity, especially when
compared to Hill’s model.

Recent discussions of seed scientists have been provided
regarding the robustness of models associated with the Normal
distribution in relation to generalized linear models (GLMs, see
Carvalho et al., 2018; Ribeiro-Oliveira et al., 2018). This perspective
pointed out that GLMs are robust due to a more flexible model fit,
and non-dependent of Normal distribution (Mcnair et al., 2012; dos
Santos et al., 2019; de Faria et al., 2020; Amorim et al., 2021).

@

e

< Pomona

PROTRUSION 1

TABULAR DATA

PROTRUSION 2

PROTRUSION 3

Model selection
Standard Logistic

I 70 [ Sxporimontal data [N Logistc ft

10.3389/fpls.2023.1151911

English -

TABULARDATA  LOGISTIC FIT

T50

6.64

R

0.9919

module.

Therefore, logistic models with different link functions were
considered a new tool to measure the viability (tso) and longevity
(Psp) of commercial seed lots of cultivated species, such as corn and
soybean (dos Santos et al., 2019; de Faria et al., 2020). This idea was
used here to validate POMONA. In all cases studied, POMONA
parametrization was within the confidence intervals provided for
model parameters. In addition, from the Normal distribution,
parameters of link functions and Hill’s model had similar
estimates. Therefore, the software proved to be robust in a
statistical sense.

What is new in all of this, is the way POMONA has been
developed. It has a core that includes I/O routines, numerical
methods and statistical models, is implemented in JavaScript, a
mature language powering much of the modern internet and
many mobile applications, while its graphical user interface uses
Quasar (Vue.js Guide, https://vuejs.org/v2/guide), an enterprise-
grade, high-performance framework for multiplatform
application development. Quasar seamlessly integrates a single
page application (SPA) written in JavaScript with both the

English v

LOGISTIC FIT LINEAR FIT

I P50 I cxrerimental data [ Logistic fit

PROTRUSION 4

FIGURE 8
POMONA running on an Android device.
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TABLE 5 Germination and longevity of soybean (Glycine max L.) seed samples of different cultivars estimated from methods for model
parameterization.

Parameters>*
Cultivar Sample' . LL<Pso(Days)<UL Pso (Days) tso (h; R?)
LL< <UL . . By . . .
Probit Logit Probit Probit Logit

60.84; 59.70; 59.26;

SAM17 t [ [ 62 60.47 60.63 54.62(0.43) 54.7(.043)
94.34] 61.24] 62.00]
94.34; 39.68; 39.41;

SAM21 L [ [ 955 39.71 39.57 40.75(0.01) 41.1(0.01)
96.66] 39.74] 39.73]
[82.10; (7.94; [8.33;

SAMO2 825 8.09 8.45 34.82(0.74 34.78(0.73
82.90] 8.24] 8.57] (0.74) 0.73)
70.54; 14.00 13.06;

SAMO8 L L L 715 14.12 13.19 42.13(0.62) 42.34(0.62)
72.46) 14.24] 13.32]
64.90; 24.64; 21.29;

SAM14 t [ [ 65 2553 22.13 23.66(0.41) 23.92(0.43)
65.10] 26.42) 22.97)
37.03; 24.75; 26.58;

SAM20 L [ [ 37.1 26.03 29.05 23.02(0.34) 22.59(0.35)
37.17] 2731] 31.52]
[93.15; [40.06; [42.97;

SAMO7 03.85] 41.90] 15.63] 935 40.98 443 46.38(0.70) 46.29(0.70)
84.79; 47.24; 48.10;

SAMO1 [ [ [ 86 47.36 4851 14.57(0.34) 14.9(0.34)
87.21] 47.48) 48.92]
49.46; 54.67; 58.92;

SAM19 [ [ [ 49.9 5537 59.91 42.1(0.67) 42.21(0.67)
50.34] 56.07] 60.90]
71.14; 51.55; 57.29;

SAM13 { [ [ 72 51.62 57.65 44.91(0.16) 44.95(0.16)
72.86] 51.69] 58.01]
[69.03; [49.45; [53.51;

SAMO0 71 51.12 55.11 26.62 (0.77 26.62(0.78
72.97] 52.79] 56.71] ©077) ©78)
[75.75; [39.54; [44.89;

SAM11 76 40.28 4557 38(0.52 37.99(0.53
76.25) 41.02) 46.25) (052) 053)
46.22; 56.65; 59.24;

SAMO5 [ [ [ 49 57.17 60.02 53.78(0.71) 53.46(0.72)
51.78] 57.69] 60.80]
75.07; 39.47; 42.44;

SAM12 { [ [ 79.4 40.15 43.25 19.67(0.36) 20.15(0.37)
76.25] 40.83] 44.06]
[46.22; [26.45; [30.03;

SAM22 505 26.72 3022 14.23(0.39 15.48(0.41
51.78] 26.99] 3041] (0.39) 041)
75.07; 27.52 27.47;

SAMO6 [ [ [ 90 28 28 27.79(0.44) 28.15(0.45)
83.73] 28.48] 28.53]
48.66; 17.71; 18.38;

SAM18 [ [ [ 59.5 17.76 18.47 28.33(0.27) 27.94(0.26)
52.34] 17.81] 18.56]
84.43; 44.11; 37.89;

SAM09 L [ [ 655 44,61 385 50.29(0.46) 50.26(0.45)
95.57] 45.11] 39.11]
[59.10; [29.06; [29.19

SAM10 20 29.87 30.06 40.7(0.40 40.71(0.38
59.90] 30.68] 30.93] 040) 0.38)
[64.29; [30.10 [30.47;

SAM16 245 30.18 30.59 53.33(0.56 53.28(0.56
59.90] 30.26) 3071 (0.56) (056)

!: Soybean sample code for commercial lots used as biological model; % Parametrization from logistic models with probit and logit as link functions; ﬁlz Estimative for slope of logistic model, i.e.,
maximum germinability; ts, (h): median germination time in hours; Ps, (Days): time in days at which germination characteristically declined to 50%;.”: For each functional trait, between LL
(lower limit) and UP (upper limit) represents confidence intervals (lower and upper) from model parameters calculated (0. = 0:05); whereas single values are estimative of POMONA.

R*: Coefficient of determination of the model.

The dataset was obtained from stressed seeds by the accelerated aging test (at 75%RH).
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TABLE 6 Germination and longevity of corn (Zea mays L.) seed samples of different cultivars estimated from methods for model parameterization.

Parameters>*
Hybrid Sample' LL< <UL LL<Pso(Days)<UL B, Pso (Days) tso (h; R)
Probit Logit Probit Logit Probit
70.16; 70.84 12.38; 12.63; 14.33 70.5 13.27 13.48
MAMO3 [ ] [ [ ] 50.8(0.99) 50.9(0.99)
14.16)
79.42; 56.67; 58.15; 64.85 2 0.02 61.5
MAMO6 75 [ (58 ] 8 6 53.2(0.97) 53.3(0.93)
84.58] 63.37]
(84.18; 86.82] [15.28; [18.05; 20.47] 85.5 1651 19.26
MAMO5 52.9(0.96) 53(0.98)
17.74]
67.06; 75.74 78.95; 91.52; 95.90 71.4 81.17 93.71
MAMO1 [ 1 [ [ ] 39.9(0.96) 39.8(0.94)
83.39]
[66.08; [98.50; [111.41; 120.25] 67.5 102 115.83
MAMO4 45.4(0.97 45.1(0.
0 68.92] 105.50] 54097) 51(096)

!: Corn sample code for commercial lots used as biological model; *: Parametrization from logistic models with probit and logit as link functions; /§1¢ Estimative for slope of logistic model, i.e.,
maximum germinability; tso (h): median germination time in hours; Ps, (Days): time in days at which germination characteristically declined to 50%;.”: For each functional trait, between LL
(lower limit) and UP (upper limit) represents confidence intervals (lower and upper) from model parameters calculated (ot = 0:05); whereas single values are estimative of POMONA.

R%: Coefficient of determination of the model.

The dataset was obtained from stressed seeds by the cold test.

Electron framework (Electron Framework, https://electronjs.org)  drafted the manuscript and designed the figures. All authors
and the Capacitor runtime (ElementUI, A Desktop UI Library,  contributed to the article and approved the submitted version.
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