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Abstract

Salt stress represents one of the main challenges for global agricultural production, and
digital phenotyping has emerged as a promising alternative for identifying popcorn
genotypes tolerant to salt stress. This study evaluated the accumulation of plant pig-
ments in response to salt stress in 49 popcorn genotypes (7 inbred lines and 42 F; hybrids).
Seeds were subjected to two saline conditions: without salt stress (NS—0 mM NaCl) and
salt stressed (S5—100 mM NaCl). The evaluation included physiological parameters,
and morphological and colorimetric attributes based on the CIELab color space were
analyzed using the GroundEye® system. Additionally, the salt stress tolerance index
(SSTI) was calculated for all assessed genotypes. The SSTI ranged from 0.55 to 0.83, with
values closer to 1.0 indicating higher tolerance to the stressor. Among the evaluated
genotypes, L472 and four of its hybrids stood out for their salinity tolerance, as they
combined efficient maintenance of chlorophyll content with higher SSTI estimates. In
contrast, L217 and two of its hybrids were identified as sensitive, exhibiting some of the
lowest SSTI estimates and significant accumulation of anthocyanins, which, in this study;,
indicated a response mechanism to oxidative damage. Digital phenotyping associated
with CIELab colorimetric analysis constitutes an objective tool for identifying toler-
ant genotypes, thereby accelerating breeding programs aimed at developing cultivars
adapted to saline environments.

Keywords: Zea mays L. var. everta; salinity; plant pigments; digital phenotyping; CIELab

1. Introduction

The growing demand for greater efficiency in plant breeding programs has highlighted
a concerning asymmetry: while genomic technologies have advanced significantly in recent
decades, phenotypic evaluation methodologies have not progressed at the same pace. This
disparity, recognized in the literature as the “phenotyping bottleneck,” represents one of
the main obstacles to genetic gain, as it compromises the accuracy of the statistical models
used in breeding programs [1-3].
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In this context, digital phenotyping has emerged as a promising alternative for over-
coming these limitations, enabling the capture of phenotypic data with greater precision
and on a large scale [3]. This approach allows for quantitative analyses of both plant struc-
ture and function, providing essential support for the identification and selection of traits
of agronomic interest [4]. Among the available methodologies, digital image processing
stands out, as it uses computer vision techniques to extract relevant information [5], pro-
ducing reproducible results across different breeding strategies [6]. This approach involves
the development of specialized algorithms and the analysis of two-dimensional (2D) and
three-dimensional (3D) images and can also be integrated with systems based on different
electromagnetic spectra and imaging technologies, such as visible light, infrared, X-rays,
and magnetic systems [7].

The applicability of digital phenotyping has been widely demonstrated in economi-
cally important crops. In wheat, studies have reported its use in estimating plant height
and yield [8], as well as in determining biophysical and biochemical attributes, such as
chlorophyll content, leaf nitrogen, and biomass [9]. Similar results have been obtained
in corn and rice [10]. More recently, images obtained by unmanned aerial vehicles have
been successfully used to estimate soybean maturity dates and wheat plant height [11],
highlighting the potential of this technology for large-scale field applications.

Among the phenotypic traits that can be evaluated using these tools, plant pigments
stand out, as their accumulation can be captured and quantified through colorimetric
analyses of digital images. This perspective is particularly relevant in the study of abiotic
stresses, such as salinity, since pigment responses constitute sensitive indicators of the
physiological changes triggered by this condition.

Salinity tolerance is a complex characteristic that varies not only among species, but
also among genotypes within the same species, requiring the development of specific
evaluation and selection strategies to obtain plants adapted to this condition. To ensure
survival, plants employ a combination of physiological mechanisms, mainly including
osmotic adjustment, ionic homeostasis, and protection of the photosynthetic apparatus.
The strengthening of the antioxidant system is central to this adaptive response, with the
accumulation of plant pigments being one of its most representative components, whether
red, green or yellow [12,13].

Red pigments belong to the flavonoid class, a group of secondary metabolites that
play a fundamental role in plant adaptation to environmental variations. Among them are
anthocyanins, water-soluble pigments responsible for a wide range of colors from pink to
blue [14,15]. Although anthocyanins act systemically and in diverse ways in response to
salt stress, their biological importance and potential as phenotypic indicators in breeding
programs still require further investigation [16].

Anthocyanin biosynthesis is normally induced by environmental factors, and a grow-
ing body of evidence confirms that its accumulation constitutes a relevant adaptive strategy
in response to salinity [17-19]. These compounds stand out as potent antioxidants capable
of scavenging reactive oxygen species (ROS), mediating signaling cascades, protecting the
photosynthetic apparatus, delaying leaf senescence, and contributing to osmotic home-
ostasis [18-20]. Due to these properties, anthocyanin accumulation is already considered a
selection criterion for genotypes tolerant to salt stress [21].

Similarly, yellow pigments play an important role in adapting plants to adverse
conditions. Carotenoid biosynthesis is normally stimulated under stress conditions [13],
with lutein and zeaxanthin standing out for their critical functions in chlorophyll pho-
toprotection and the maintenance of photosynthetic efficiency [22,23]. Under envi-
ronmental stress, plants tend to exhibit higher proportions of carotenoids relative to
chlorophyll, increasing the pool of xanthophylls, such as zeaxanthin, antheraxanthin,
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and violaxanthin, to dissipate excess light energy via thermal pathways and protect the
photosynthetic apparatus against the formation of ROS [24]. Zeaxanthin, in particular,
acts proactively in the thermal dissipation of excess energy and in the direct neutraliza-
tion of damage caused by singlet oxygen [22,25], also serving as a physical stabilizer of
photosynthetic membranes [26].

Given the above, this study aimed to (i) evaluate the effect of salt stress on popcorn
seed germination and seedling development; (ii) evaluate the physiological response and
accumulation of plant pigments in popcorn genotypes subjected to salt stress; (iii) quantify
changes in the colorimetric coordinates (CIELab A* and B*) of popcorn seedlings under
contrasting saline conditions; and (iv) identify superior genotypes regarding tolerance to
salt stress.

The results demonstrate that the accumulation of plant pigments is a potential indicator
for identifying popcorn genotypes with tolerance to salt stress.

2. Results
2.1. Genetic Variability and Response Under Salt Stress

Individual analyses of variance for CIELab A* and B* indicated significant differences
(p < 0.01), according to the F test, between the two saline conditions for both evaluated
traits (Table 1).

Table 1. A summary of analysis of variance and genetic and environmental parameters of traits related
to the accumulation of green-red (CIELab A*) and blue—yellow (CIELab B*) spectrum pigments
in seedlings of 7 lines and 42 hybrids of popcorn (Zea mays L. var. everta) subjected to two saline
conditions: without salt stress (0 mM NaCl) and salt-stressed (100 mM NaCl).

Without Salt Stress ! Salt-Stressed ! Combined Analysis

Trait

GMS RMS FTest X o2 02 GMS RMS FTest X o2 o2 G SC GxSC

e e

8 8

CIELabA 130 0.17
CIELabB 24.75 5.80

“ 062 028 004 095 011 * 069 021 003 *  * =
1706 474 145 2646 526 * 1705 530 131 *  ns a

1 The F test was significant at 1% probability for al traits. GMS = genotype mean square; RMS = residual mean
square; X = mean; O’é = genotypic variance; 02 = environmental variance; G = genotype; SC = saline condition;
G x SC = genotype x saline condition interaction; ns = not significant by the F test; ** significant at 1% probability
by the F test.

In the environment without salt stress, the genotypic variance (02g), which refers to
the portion of the observed variation that is due to genetic differences between genotypes,
and the environmental variance (o%e), which refers to the portion of the observed variation
that is caused by environmental conditions, for CIELab A* were 0.28 and 0.04, respectively,
while the mean was —0.62. (Table 1). Under salt stress conditions, a change in the mean
was observed, increasing to 0.69. The variances remained similar, with values of 0.21 for
o2g and 0.03 for o2e (Table 1).

For CIELab B*, ng and o2e were 4.74 and 1.45, respectively, in the environment
without salt stress, and 5.30 and 1.31, respectively, in the environment with salt stress
(Table 1). Although the mean expression of the trait remained practically constant in both
environments, with values of 17.06 in the environment without salt stress and 17.05 under
salt stress (Table 1), some genotypes showed changes in their mean values when exposed
to salt stress.
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The combined analysis of CIELab A* indicated statistically significant effects
(p < 0.01) for genotypes, saline conditions, and their interaction. For CIELab B*, only
the environmental effect was not significant (Table 1).

2.2. Screening of Popcorn Genotypes for Salt Tolerance via Salt Stress Tolerance Index

The estimates of the salt stress tolerance index (SSTI) represent the mean salt stress
tolerance value for each genotype evaluated, obtained from the value of then traits
assessed. To obtain the SSTI estimates, only those traits whose mean values exhibited
a decrease under salt stress conditions were selected. The SSTI estimates ranged from
0.55 to 0.83 (Figure 1), with values closer to 1.0 indicating higher tolerance to the evalu-
ated stress. Among the evaluated inbred lines, L684, L263 and L381 showed the highest
estimates, with 0.84, 0.71 and 0.68, respectively. Regarding the hybrids, L472 x L.263
(0.75), L381 x L472 (0.73) L684 x L690 (0.71) and L263 x L381 (0.71) stood out with the
highest estimates. It was observed that hybrids with the highest SSTI estimates were
obtained when a parent previously classified as tolerant was used as the female genitor
(Figure 1 and Table S2). Conversely, the inbred lines L217 (0.59) and L690 (0.63), and the
hybrids L213 x L217 (0.55) and L213 x L690 (0.55) exhibited the lowest SSTI estimates,
indicating their lower capacity for salt stress tolerance. Hybrid crosses with the lowest
SSTI estimates were obtained when the female parent was one of the lines previously
classified as sensitive (Figure 1 and Table S2).

2.3. Dynamics of Plant Pigment Accumulation Under Salt Stress

The mean grouping analysis for CIELab A* showed that, in general, there was a
tendency toward increased accumulation of red pigments in the genotypes evaluated under
salt stress, since the values of this trait increased by an average of 1.31 (Figures 2 and 3).
However, parent L472 and the hybrids L472 x L263, L381 x L472, L472 x L381, and
L690 x L472 maintained higher accumulation of green pigments even under salt stress
conditions (Figures 2 and 3). These genotypes, which showed some of the highest SSTI
estimates (0.64 for 1L472; 0.75 for L472 x 1.263; 0.73 for L381 x L472;0.70 for L472 x L381;
and 0.61 for L690 x L472) (Figure 1), consequently exhibited the smallest increases in
CIELab A* (0.705 for L472; 0.645 for L472 x L263; 0.348 for L381 x L472; and 0.850 for
L472 x L381) (Figures 2 and 4).

On the other hand, analysis of the pigments represented by CIELab B* revealed
no accumulation of blue pigments. The mean accumulation of yellow pigments was
statistically similar under both saline conditions, although a slight increase was observed
for most genotypes.

Parent L2217 and the hybrids L217 x L213 and L217 x L690 were exceptions, as they
showed a reduction in the mean accumulation of yellow pigments (Figure 4). In contrast to
the more tolerant genotypes, these materials exhibited some of the lowest SSTI estimates
(0.59 for L217; 0.60 for L217 x L213; and 0.65 for L217 x L690) (Figure 1) and, concomitantly,
showed some of the greatest increases in red pigmentation (2.208 for L217 x L690; 1.720 for
L217 x L213; and 1.470 for L217) (Figures 2 and 4).
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L684 0.83
L472 x L263
L381 x L472

L684 x L690

0.71

L263 x L381 0.71

L263 0.71
L472 x L381 0.70
L472 x L.217 0.70
L381 x L263 0.70

0.68
0.68
0.68
0.68
0.67

L684 x L381
L684 x L263
L684 x L217

L381
L684 x L213

L472 x L213 0.67
L1381 x L684 0.67
L684 x L472 0.66
L263 x L684 0.66
L1217 x L381 0.66
L213 0.66
L690 x L381 0.65
L263 x L217 0.65
L263 x L213 0.65
L1z oo [ © 5
L213 x L263 0.65
L1472 x L684 0.64
L1472 0.64
L381 x L213 0.64
L263 x L690 0.64
L217 x L263 0.64
L213 x L684 0.64
L690 0.63
L472 x L690 0.63
L690 x L684 0.62
L690 x L472 0.61
L690 x L263 0.61
TN
L213 x L381 0.61
L690 x L213 0.60
L381 x L690 0.60
L217 x L684 0.60
L217 x L472 0.60
L217 x L213 0.60
L217 0.59
L690 x L217 0.57
L381 x L217 0.57
L213 x L472 0.57
L213 x L690 0.55

L213 x L217 0.55

Figure 1. The salt stress tolerance index of 7 lines and 42 hybrids of popcorn (Zea mays L. var. everta)
calculated from the evaluation of ten physical and physiological traits of seeds and seedlings.
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CIELab A*

Without Salt Stress Salt-Stressed

L4724
L472 x L684
L472 x 1217
L472 x 1.263 -
L472 x L3814
L1472 x 1.213 -
L472 x 1690
L684 x 1472 -

L684
L684 x L217
L684 x 1263
L684 x L381 -
L684 x L.213
L684 x L690
L217 x L472
L217 x L684 -

L2174
L217 x L263
L217 x L381
L217 x L213
L217 x L690
L263 x L472
L263 x L684 -
L263 x L217

1263
L263 x L381 -
L263 x L213
L263 x L6900~
L381 x L472
L381 x L684
L381 x L217
L381 x L263

L3814
L381 x L213
L381 x L690
L213 x L472
L213 x L684 -
L213 x L217 -
L213 x L263
L213 x L381+

L2134
L213 x L690
L690 x L472
L690 x L684 -
L690 x 1.217 4
L690 x 1263 -
L690 x L381
L690 x L213
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Figure 2. Estimates of mean CIELab A* and predominance of pigmentation in the green—red spectrum
of 7 lines and 42 hybrids of popcorn (Zea mays L. var. everta) subjected to two saline conditions:
without salt stress and salt-stressed. Uppercase letters to the right of the bars indicate homogeneous
groups formed by the Scott-Knott clustering analysis (p < 0.01). Genotypes with the same letter in
both saline conditions do not differ significantly between the two environments.
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CIELab B*

Without Salt Stress Salt-Stressed

L1472
1472 x L6844
L1472 x L217
1472 x 1.263 -
1472 x L3811
1472 x 1.213
1472 x L690 -
1684 x 1472

L684-
1684 x 1.217 4
L684 x L263 -
1684 x 1381
L684 x L213
1684 x 1690
1217 x L472-
1217 x L684 -

L217+
L1217 x L2634
1217 x L3814
1217 x L213
L1217 x L690-
1.263 x L4721
1.263 x L684 -
L1263 x L217 -

L263-
1263 x L381-
1263 x L2134
L1263 x L690+
1381 x L472
1381 x L684 -
1381 x L217 -
L381 x L263 -

L381-
L381 x L213
1381 x L690-
L1213 x L472-
1.213 x L684 -
L1213 x L2174
1213 x L263
1.213 x L381

L2134
1.213 x L690
1690 x 1472
L690 x L684 -
1690 x 1.217 -
1690 x 1.263 -
L1690 x L381
1690 x 1213

L690-
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A
A
A
A
A
A
A
A
A
A
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Figure 3. Estimates of mean CIELab B* and predominance of pigmentation in the blue—yellow
spectrum of 7 lines and 42 hybrids of popcorn (Zea mays L. var. everta) subjected to two saline
conditions: without salt stress and salt stressed. Uppercase letters to the right of the bars indicate

homogeneous groups formed by the Scott-Knott clustering analysis (p < 0.01). Genotypes with the
same letter in both saline conditions do not differ significantly between the two environments.
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L381 x L472 L472 x L263 L472 x L381 L690 x L472

Seedlings of
salt-tolerant
genotypes

L217 x L690

Seedlings of

salt-sensitive
genotypes

Figure 4. Visual aspect and pigment accumulation predominance of green pigments (negative
CIELab A* values) and red pigments (positive CIELab A* values) in popcorn genotypes (Zea mays
L. var. everta) subjected to two saline conditions: without salt stress (NS—0 mM NaCl) and salt-
stressed (SS—100 mM NaCl). Image from digital phenotyping performed using GroundEye® S120
(mini) equipment.

3. Discussion

The CIELab system is widely used in plant physiology as a non-destructive method
for the objective quantification of plant pigments. The A* parameter is frequently corre-
lated with chlorophyll content, in which more negative values indicate a higher content
of green pigments, and with anthocyanins, for which positive values indicate reddish
pigmentation. The B* parameter, in turn, is associated with the presence of carotenoids
and xanthophylls, with more positive values indicating a greater predominance of yellow
pigments [27]. The use of this system allows for precise and non-invasive monitoring
of physiological changes, such as maturation, senescence, and responses to biotic and
abiotic stresses [28,29].

The estimates of genotypic and environmental variance showed similar magnitudes
in the two evaluated environments, suggesting that the stress was not sufficient to reduce
the expression of variability or disproportionately increase experimental noise. Stressed
environments can maintain the proportion of genetic variance relative to environmental
variance [30], thereby allowing for effective genotype selection in both environments [31].

The salt stress applied in this study was sufficient to differentiate the environments
for CIELab A*, confirming the existence of genetic variability among the tested genotypes
and highlighting the significant changes caused by salt stress in the mean values of
the trait. The results for this parameter indicated that salt stress induced an increase
in the accumulation of red pigments in most evaluated genotypes, with an average
increase of 1.31 in the A* coordinate. This increase was more pronounced in genotypes
with the lowest SSTI estimates, such as 1.217, 1L.217 x 1213, and L217 x L690, which
simultaneously showed some of the greatest increases in reddish pigmentation. In
contrast, some of the genotypes with the highest SSTI estimates, such as L472 and four
of its hybrids, maintained negative A* coordinate values, indicating their ability to
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preserve green pigments even under salt stress conditions. This observed distinction
in the pattern of anthocyanin accumulation between tolerant and sensitive genotypes
highlights the need for further reflection on the actual biological role of this pigment in
response to salt stress.

Anthocyanins play an important role in neutralizing ROS and are widely cited as
protective compounds [20,32], since abiotic stresses induce anthocyanin production [32] as
a strategy to mitigate ongoing damage, contributing to osmoregulation and the scavenging
of excess ROS [12]. Thus, leaves rich in these pigments may exhibit a greater capacity to
neutralize ROS [33-35].

The relationship between stress and anthocyanin accumulation is reinforced by studies
on salinity. Increasing salt concentrations have been shown to induced more intense antho-
cyanin production in tomato and red cabbage plants [21]. Similarly, anthocyanin synthesis
has been documented as an adaptive response to salt stress in sugarcane varieties [36],
while wheat genotypes with high anthocyanin levels have demonstrated the ability to
maintain greater biomass production under salt stress [37].

However, the accumulation of anthocyanins under stress conditions presents am-
biguous interpretations that require careful evaluation, since high levels of this pigment
may also indicate greater susceptibility to the stress in question. In wheat plants sub-
jected to osmotic stress caused by heavy metals, for instance, the most sensitive line
was observed to produce the highest levels of anthocyanins [38]. This finding indicated
severe stress and may be associated with the results observed here for genotypes L217,
L1217 x L213, and L217 x L690, which showed the lowest SSTI estimates and some of
the highest anthocyanin accumulations.

The mean clustering analysis for CIELab A* revealed that, although most genotypes
showed increased accumulation of red pigments under salt stress, some maintained neg-
ative A* coordinate values, indicating a predominance of green pigments even under
stress conditions. This behavior was observed in parent L472 and in hybrids L381 x L472,
L472 x 1263, L472 x L381, and L690 x L472, which simultaneously exhibited some of the
highest SSTI estimates, suggesting that the maintenance of chlorophyll levels under stress
may be associated with greater salt stress tolerance in these genotypes.

Chlorophyll biosynthesis may increase under moderate salt stress conditions [39].
However, severe stress conditions can cause pigment decline in more sensitive plants due to
oxidative and photosynthetic damage [40]. Ionic toxicity and osmotic stress resulting from
salinity may compromise the structural integrity of chloroplasts, destabilizing the metabolic
homeostasis between the biosynthesis and degradation of photosynthetic pigments. This
imbalance results in a progressive decline in leaf chlorophyll concentration, impairing the
plant’s light absorption capacity and photochemical efficiency.

In Sesuvium portulacastrum genotypes subjected to salt stress, chlorophyll levels were
found to decrease as salt concentration increased [41], corroborating the behavior observed
in the most sensitive genotypes in the present study. Similarly, a 24% reduction in total
chlorophyll estimates has been reported in Mesosphaerum suaveolens (L.) plants subjected
to stress [42].

On the other hand, genotypes capable of maintaining higher chlorophyll levels are
often considered more tolerant to salt stress due to the presence of protective mechanisms
that confer greater efficiency to the photosynthetic apparatus [43]. In general, salt-tolerant
genotypes exhibit a smaller decrease in chlorophyll content or greater chlorophyll reten-
tion compared to sensitive ones [44]. For instance, when evaluating Chilean strawberry
(Fragaria chiloensis) genotypes subjected to salt stress, tolerant genotypes successfully main-
tained chlorophyll levels, whereas sensitive ones showed significant reductions and im-
paired photosynthetic responses [45]. These studies corroborate the results observed here
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for genotypes L472, L381 x L472, 1472 x 1263, L472 x L381, and L690 x L472, which
maintained chlorophyll content more effectively and exhibited some of the highest SSTI
estimates. Therefore, the greater accumulation of green pigments in tolerant popcorn
genotypes strongly indicates their superior ability to maintain physiological homeostasis
and metabolic health under stress conditions.

The results observed for CIELab B* indicate that the applied salt stress promoted a
complex genotype x saline condition interaction, since the ranking of some genotypes
changed regarding the accumulation of the evaluated pigments. This parameter refers to
carotenoids, more specifically lutein and zeaxanthin, yellowish pigments of the xanthophyll
subclass that have well-studied roles in the photoprotection of chlorophyll and photosyn-
thesis [22,23] and whose biosynthesis is stimulated under stress [13]. These pigments
contribute to responses to the most varied types of abiotic stresses [46] and act in protection
against ROS in chloroplasts [47].

Under salt stress, carotenoid content may respond in diverse ways, depending on
the severity of the stress and the specific tolerance capacity of the genotype. In maize
plants subjected to increasing NaCl concentrations, pigment content decreased progres-
sively [48]. However, inoculation with plant growth-promoting bacteria has been found
to restore carotenoid levels through the reduction of oxidative stress markers, suggesting
that the maintenance of carotenoids under salinity is intrinsically linked to a more efficient
antioxidant defense system [48]. Similarly, in tomato families, the most salt-tolerant geno-
types maintained or increased carotenoid biosynthesis as a physiological strategy, thereby
mitigating cell membrane degradation and preserving photosynthetic efficiency [49].

This adaptive response, however, is bounded by metabolic thresholds. Beyond these
limits, stress becomes overwhelming and deleterious. This can be observed in the present
study for genotypes L217, L217 x L213, and 1217 x L690, which exhibited a reduction
in mean CIELab B* values under salt stress. This decline coincides with the lowest SSTI
estimates and the highest anthocyanin accumulations recorded, suggesting that in these
sensitive genotypes, the salt stress was sufficiently severe to compromise the structural
integrity of the chloroplasts, impairing carotenoid biosynthesis and destabilizing the photo-
synthetic apparatus. A reduction in carotenoid and xanthophyll levels under stress reflects
a failure of the antioxidant system to maintain chloroplast redox balance, which inevitably
leads to progressive photosynthetic impairment [50].

It is important to emphasize that, since this study was conducted under controlled
conditions, these results should be interpreted as an initial screening step. Subsequent
validation under field conditions is essential to ensure that the accumulation of these pig-
ments maintains its predictive effectiveness under the numerous edaphoclimatic variations
encountered in agricultural environments.

4. Materials and Methods
4.1. Plant Material

The plant material consisted of 49 popcorn genotypes, including 7 inbred lines
(Table S1) from the Germplasm Bank of the State University of Norte Fluminense Darcy
Ribeiro (UENF) and 42 hybrids (Table S2) resulting from crosses among these lines. In a
previous study involving 31 inbred lines, the parental genotypes were classified according
to their tolerance or sensitivity to salt stress during the initial development stage [51-54].

The F; hybrids were obtained by crossing the seven lines (L472, L684, L217, L.263,
L381, L213, and L690) according to a complete diallel scheme.
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4.2. Experimental Procedure

Seeds from the 49 popcorn genotypes were subjected to two saline conditions (SCs):
without salt stress (NS) and salt-stressed (SS). Under the non-saline stress condition,
the substrate (germination paper) was moistened with pure deionized water (electrical
conductivity of 0.2847 dS m~! at 25 °C) at a proportion equivalent to 2.5 times the dry
weight of the paper. Under the salt stress condition, the substrate was moistened with
deionized water supplemented with non-iodized sodium chloride (NaCl) at a concentration
of 100.00 mM (electrical conductivity of 9.3 dS m~ at 25 °C).

In both conditions, the paper rolls were packed in transparent polyethylene bags and
placed in germination chambers with temperatures regulated between 20 and 30 °C and
a photoperiod adjusted to 8 h of light and 16 h of darkness per day. Substrate moisture
was monitored daily throughout the experimental period and, whenever necessary, pure
deionized water was added in both saline conditions.

The experiments were conducted in a randomized block design with four repli-
cates of 25 seeds each and were carried out at the Plant Technology Laboratory—Seed
Production and Technology Section of the State University of Norte Fluminense Darcy
Ribeiro (LFIT/UENF).

4.3. Evaluated Traits

The 49 genotypes were evaluated for seed physiological traits, as well as for the
physical and physiological characteristics of the seedlings, according to the Rules for
Seed Testing [41].

Normal seedlings and abnormal seedlings (ASs) were counted; germination percent-
age (GER) was determined on the seventh day after test establishment, and the results
were expressed as percentages [55]. The germination speed index (GSI) was determined
using the formula proposed by [56], based on the daily counting of seeds displaying at least
0.4 cm of radicle protrusion.

To determine shoot dry weight (SDW) and root dry weight (RDW), ten seedlings were
used, separated into shoots and roots, placed in kraft paper envelopes, and dried in a
forced-air circulation oven at a constant temperature of 65 °C for 72 h. After drying, the
samples were cooled in a desiccator and weighed using a balance with 0.0001 g precision.
The results were expressed in mg/seedling .

4.4. Digital Phenotyping

Digital phenotyping of seedlings was performed using GroundEye® $120 (mini) equip-
ment (Tbit, Lavras, Brazil), evaluating ten seedlings per replicate. The seedlings were placed
in an acrylic tray and subjected to image capture in a standardized camera, under constant
and diffuse internal illumination, ensuring the repeatability of the analyses. GroundEye
software (1.7.14) was used to perform the mathematical conversion of luminance and chro-
maticity values. The system automatically acquires and segments the images using digital
processing algorithms and artificial intelligence, allowing for the acquisition of geometric
and colorimetric data of the root and stem systems of the seedlings.

Color quantification for estimating pigment accumulation was performed using the
CIELab color system, an international standard developed by the Commission Interna-
tionale de I'Eclairage (CIE) in 1976 [57], considering the parameters A* and B*, used to
quantify color variations associated with pigment accumulation. The chromaticity coor-
dinates A* and B* represent opposite color axes: the A* axis ranges from green (negative
values) to red (positive values), whereas the B* axis ranges from blue (negative values) to
yellow (positive values) [58]. The L* coordinate represents lightness but was not evaluated
in the present study.
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The following geometric characteristics were analyzed: seedling area (AREA), shoot
width (SW), root width (RW), number of branches (NB), shoot length (SL), root length (RL),
and total seedling length (TL).

4.5. Salt Stress Tolerance Index

The Salt Stress Tolerance Index (SSTI) was calculated according to the methodology
proposed by [59]. The equation adopted was as follows:

SSTI = (Ys X Yn) /(ys)?

where SSTI = Salt Stress Tolerance Index; Yn = value evaluated in the environment without
salt stress; and Ys = value evaluated in the environment with salt stress. For this calculation,
estimates from ten traits that showed reductions in their mean values under salt stress
were used. The tolerance indices ranged from 0.0 to 1.0, with values closer to 1.0 indicating
greater tolerance to salt stress and values closer to 0.0 indicating lower tolerance.

4.6. Statistical Analyses

The data obtained were subjected to individual and combined analyses of variance,
and the variables that showed significant differences between treatments at the 1% proba-
bility level (p < 0.01) according to the F-test were further analyzed using the Scott-Knott
mean clustering test at the same significance level.

Data analyses were performed using Genes software (1990.2026.1), adopting the
statistical models described below:

Yij=un+G;+Bj+Ej

For the individual analysis, Yjj; = the observation referring to the effect of genotype
i(I=1,2,...,49)inDblockj (j = 1, 2); u = a general constant; G;= the effect of genotype i;
Bj= the effect of block k j and E;j= the experimental error, assumed to be NID with mean

0 and variance ¢?.

Yijk =u+G;+ B/Sij + SCr + GSCj + Eijk

For the combined analysis, Yjjx= the observation of genotypei (i=1,2, ..., 49) in block
j(=1,2,3,4) in salinity condition k (k = 1, 2); u = a general constant; G; = the effect of
genotype i; B/ SCy;= the effect of block j within saline condition k; SCj. = the effect of saline
condition k; GSCj,= the effect of genotype x salinity condition interaction; and E;j= the
experimental error, assumed to be normally and independently distributed (NID) with
mean 0 and variance 2. In the combined analysis, the source of variation ‘genotype’ was
considered random and ‘salinity condition” was considered fixed.

The plots were generated using R software (4.5.1), using the packages “GGPlot2”,
“tidyr”, and “dplyr”.

5. Conclusions

The results demonstrate that the accumulation of plant pigments is a potential indicator
for discriminating popcorn genotypes regarding their tolerance to salt stress.

Maintaining high chlorophyll levels under salt stress was associated with high esti-
mates of the SSTI, suggesting that it may be a potential indicator of tolerant genotypes.
In contrast, the most sensitive genotypes exhibited intensified anthocyanin accumulation
under salt stress, a response that, in the present study, appears to reflect oxidative damage
rather than an effective protective mechanism.
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salinity tolerance.
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