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Abstract: The description of seed shape by comparison with geometric models allows shape quantifi-
cation, providing the means for an accurate comparison between different species or populations.
Geometric models described for the lateral and dorsal views of the seeds of Silene species are applied
to the quantification of the shape in the seeds belonging to twenty populations of the eleven taxa of
S. mollissima aggregate. Cardioid models LM1, LM5 and LM6 adjust differentially to the lateral views
of the seeds, while models DM1, DM5 and DM6 are applied to the dorsal views of the seeds. Quantifi-
cation of the lateral view of seeds with LM5 results in two groups of species of different geographic
origin. The seeds more resembling DMS5 include S. andryalifolia, S. badaroi, S. gazulensis, S. hifacensis
and S. tomentosa, i.e., the taxa with a continental distribution from southern Spain to northern Italy;
in contrast, the group of seeds with lower similarity to DMS5 includes those from species in northern
Africa and the Mediterranean Tyrrhenian islands: S. auricolifolia, S. hicesiae, S. ichnusae, S. mollissima,
S. oenotriae and S. velutina. The description of the seed shape based on geometric models contributes
to investigating the relationships between related species and constitutes a promising technique
for taxonomy.

Keywords: biogeography; cardioid; islands; geometric models; Mediterranean flora; morphology;
Silene; super-ellipse

1. Introduction

The genus Silene L., with more than 700 species, includes an important proportion of
the diversity found in the family Caryophyllaceae Juss. The taxonomy of this genus was
traditionally based on morphological criteria, and more recently has received the support
of intensive DNA sequence analysis [1]. The genus was divided in three subgenera: Lychnis,
Silene and Behenantha. The subg. Silene contains 11 sections, including Sect. Siphonomorpha
Otth, a large group comprising about 150 species of perennial diploids [2], including both
the S. italica and S. mollissima aggregates [3-5].

The S. mollissima aggregate contains 11 species found in different biogeographic
provinces along the western Mediterranean Basin [6,7]. Among them, five species are
endemic to the Tyrrhenian islands macro-hotspot (sensu Canadas et al. 2014 [8]); these are:
Silene badaroi Breistr. (=S. tyrrhenia Jeanmonod & Bocquet), S. ichnusae Brullo, De Marco
and De Marco f., S. hicesiae Brullo & Signor., S. oenotriae Brullo and S. velutina Pourr. ex
Loisel. Silene hifacensis Rouy ex Willk. and S. mollissima (L.) Pers. are Ibero-Levantine
endemic, and the remaining four species of this aggregate are endemic to the Baetic-Riffan
macro-hotspot: S. andryalifolia Pomel, S. auriculifolia Pomel, S. gazulensis A.Galan, J.E.Cortés,

Plants 2022, 11, 901. https:/ /doi.org/10.3390/plants11070901
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Vicente Orell. & Mor. Alonso and S. tomentosa Otth. These species are currently identified
by the morphological characters of their epigean vegetative parts (leaves, hairs), as well as
their inflorescence, flowers and capsules [4,9].

The 11 species of the S. mollissima aggregate that are the subject of this work con-
stitute a paradigm for the study of plant diversity in the Mediterranean area, a region
characterized by high rates of endemism due to isolation, either in islands, through
mountain ranges or due to geographic micro-environments [10]. Thus, S. tomentosa is en-
demic to Gibraltar, a small area with very specific characteristics [11], while S. gazulensis
is endemic to the Sierra de los Gazules in the surroundings of Gibraltar [12]. S. andryali-
folia, related to these species, has a broader distribution. The two Ibero-Levantine taxa,
S. hifacensis and S. mollissima, are not sympatric. S. hifacensis only occurs on Ibiza and
Alicante, while S. mollissima occurs on the Gymnesian islands of the Balearic Archipelago
(Mallorca, Menorca and Cabrera) but not on the Pityusic islands (Ibiza or Formentera).
Five of these species (S. badaroi, S. ichnusae, S. hicesiae, S. oenotriae and S. velutina) have
a distribution centred in the Tyrrhenian area, with S. badaroi broadly distributed in the
Provence and coast of north-western Italy; S. velutina is endemic to Sardinia and Corsica,
and S. ichnusae is limited to north-western Sardinia while S. hicesiae and S. oenotriae
occur in the southern Tyrrhenian sea. All these species are included in the section
Syphonomorpha of subgen. Silene [1]. In this work, we have presented a morphological
description of 20 populations from these species conserved in the Sardinian Germplasm
Bank (BG-SAR; [13]) in order to find affinities between them as well as to investigate the
variation in shape between species and populations.

Variations in the size and shape of the seeds represent an important source of informa-
tion of high potential in taxonomy, particularly in Silene [14-19]. The application of image
analysis techniques allows to obtain measurements related to the color, size and shape of
seeds and to distinguish between different taxa or populations [20-25].

Based on previous studies on the seed morphology of the model plants Arabidopsis thaliana
(L.) Heynh. [26,27], Lotus japonicus (Regel) K. Larsen and Medicago truncatula Gaertn. [28,29],
seed shape descriptions based on the comparison with geometrical models have been
applied to diverse plant genera and families [30-32], where the ] index represents the
percent of similarity between the geometric figure used as a model (cardioid) and the seed
image. A striking similarity of the seed shape with the cardioid has been reported for the
Silene species, in particular within Silene subg. Behenantha, with values of | index superior
to 90 in a number of species (e.g., S. noctiflora L., S. conica L. and S. latifolia Poir.) [33]. In
addition to the cardioid (Model 1, or LM1, where LM stands for lateral model), other
models have already been described for the lateral views of Silene seeds [34,35]. LM2 is
a flattened cardioid that demonstrated maximum similarity with the species S. noctiflora
(J index 94.4) and S. latifolia (] index 93.0); LM3 was defined as an open cardioid curve
having maximum similarity with S. gallica L. (] index 90.4) and LM4 was a flattened and
elongated cardioid curve that indicated maximum similarity scores with S. latifolia (] index
92.5) and S. diclinis (] index 91.5) [33]. LM5 and LM6 are modified forms from model 3
with variations in the hilum region. Values of | index superior to 90 were obtained in S.
diversifolia Otth and S. tridentata Ramond ex DC. [34]. Models LM7 and LM8 present other
morphological peculiarities and provide | index values superior to 90 with S. portensis L.
(both models), S. nicaeensis All., S. littorea Brot., S. portensis and S. scabriflora Brot. (model
LMS8) [34]. Models for the dorsal views of Silene seeds have also been described [35]. The |
index values were more stable than the other typical morphological measures (i.e., area,
length and width); hence, the association between the seed morphology and geometrical
figures was stated as robust and could be used for classification purposes [33-35].

Concerning the seed morphology of the S. mollissima aggregate, morpho-colorimetric
image analysis methods have been applied, revealing differences between the species [14,36].
By studying the seed morpho-colorimetric characteristics of S. badaroi, S. ichnusae, S. hicesiae,
S. oenotrige and S. velutina, Murru et al. [36] reported that the current systematic treatment at
the species level for these taxa is confirmed. However, the authors highlighted the need of
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further investigations regarding the taxonomic position of S. hicesiae in the whole aggregate
as well as regarding the differentiation of S. ichnusae from S. velutina [36]. Nevertheless,
the results from automated image analysis reported so far do not discriminate between
the differences in size and shape, and the differences resulting from the analysis may be
due to a mixture of shape, size or even color characteristics, while we are interested by
the identification of differences in seed shape. The seeds of a given species or population
can have a conserved shape that corresponds to a geometric model. This is detected by
values of ] index superior to 90 and has been reported in populations of diverse species
of Silene [33-35].

Previous studies on the seeds’ characteristics in the taxa of a specific group mem-
bership proved that this type of analysis can be a useful tool for discriminating the
species [23,24,29,35,36] or also in separating the taxa in different groups, such as, for
example, the coastal species from the mountain ones [25]. These analyses are non-
destructive, repeatable and, by incorporating the seed trait information with the leaves,
hairs, flowers, fruit analysis or other morphological characteristics of a plant, may
provide an important contribution for taxonomic studies.

Our objectives in this work are the following: (1) to describe the geometric models
that define the seed shape in the species of Silene mollissima aggregate, and (2) to identify
differences between the species in the shape of their seeds. We hypothesize that the new
information provided by the geometric models analysis of seed shape may confer new
knowledge useful to understand the relationships among species and to provide a new
basis for the next taxonomic investigations regarding Silene taxa.

2. Results
2.1. General Morphology
2.1.1. Lateral Views of Seeds

Table 1 presents a summary of the mean values and standard deviations for area
(A), perimeter (P), length (L), width (W), aspect ratio (AR), circularity (C) and round-
ness (R) corresponding to the lateral views of the seeds in the 11 species of S. mol-
lissima aggregate. Differences between the species were found in the size and shape
for all the measurements. The mean area values were between 0.86 (S. badaroi) and
1.50 mm? (S. andryalifolia). Three groups of different sizes were defined. The largest seeds
corresponded to S andryalifolia, S. auricolifolia and S. velutina, the intermediate seeds to
S. hifacensis, S. ichnusae, S. mollissima, S. oenotriae and S. tomentosa and the smallest seeds to
S. badaroi, S. gazulensis and S. hicesiae.

The aspect ratio was between 1.15 in S. auricolifolia and 1.33 in S. velutina; three groups
were defined corresponding to the rounded seeds with the smallest values of aspect ratio
(S. auricolifolia), seeds with intermediate values (S. andryalifolia, S. badaroi, S. gazulensis,
S. hicesiae, S. hifacensis, S. ichnusae, S. mollissima and S. tomentosa) and elongated seeds
(S. hicesiae, S. oenotriae and S. velutina). The coefficient of variation had higher values in the
measurements of size (A, P, L and W) than in the shape measurements (AR, C and R).

Different populations were analyzed in four species: S. badaroi, S. hicesiae, S. hifacensis
and S. velutina. In the species with two populations analyzed (S. hicesiae and S. velutina),
there was one population with larger seeds and the other with smaller seeds (not shown).
There was no difference in aspect ratio, circularity or roundness in any of these two cases.
There were also differences in seed size among the populations of S. badaroi (three pop-
ulations) and S. hifacensis (six populations) (not shown). Differences in circularity were
found between the populations of S. badaroi (not shown). In S. hifacensis, there were also
differences in size, aspect ratio, circularity and roundness between the six populations
studied (not shown).

2.1.2. Dorsal View of Seeds

Table 2 presents a summary of the mean values and standard deviations for A, P,
L, W, AR, C and R corresponding to the dorsal views of the seeds in the 11 species of
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S. mollissima aggregate. Differences between the species were found in size and shape for
all the measurements. The mean area values were between 0.71 (S. hicesiae) and 1.51 mm?
(S. auricolifolia). Five groups of different sizes were defined. The largest seeds corresponded
to S. auricolifolia, followed by the seeds of S. andryalifolia. The seeds of S. oenotriae and
S. velutina were of intermediate size. S. hifacensis, S. ichnusae, S. mollissima and S. tomentosa
were of small-intermediate size. The smallest seeds corresponded to S. badaroi, S. gazulensis
and S. hicesiae.

Table 1. Results of Kruskal-Wallis and post hoc tests for the size and shape measurements in the
lateral views of seeds in species of the Silene mollissima aggregate. Mean values and coefficient of
variation (given in parentheses) are indicated for area (A), perimeter (P), length (L), width (W), aspect
ratio (AR), circularity (C) and roundness (R). Values marked with the same superscript letter in each
column correspond to populations that do not differ significantly at p < 0.05. N indicates the number
of seeds analyzed.

Species N A (mm?) P (mm) L (mm) W (mm) AR C R

. andryalifolia 0 1.50 ¢ 498f 1.55¢ 1.234 1.27 bed 0.76 4 0.79 bed
: (9.28) (5.02) (5.29) (5.22) (5.06) (3.60) (4.67)
$. auricolifolia 15 1.44 de 489f 1454 1.264 1.152 0.75¢<d 0.87°¢
’ (18.80) (10.98) (9.31) (9.87) (5.17) 6.27) (4.97)
S. badaroi 130 0.862 3.7742 1.17° 0.932 1.25° 0.76 4 0.80 <d

: (16.03) (8.50) (8.34) (8.40) (4.88) (4.00) (4.82)

. gazuilensis 48 0.902 401°¢ 1.22° 0.942 1.28 cde 0.69 2 0.77 abe
(11.74) (6.57) (6.63) (7.01) (7.40) (4.24) (7.08)

S. hicesiae 130 0.87°2 3.90P 1.21° 0922 1.32¢ 0.72° 0.76

: (14.91) (7.45) (8.25) (8.50) (8.30) (4.12) (8.11)

. hifacensis 28 1.19 be 4494 1.38 ¢ 1.09 1.26 b¢ 0.74¢ 0.80 <d
(18.18) (10.37) (9.46) (9.20) (411 (5.99) (4.05)

S, ichnusae 6 1.23 be 4,56 de 1.41¢<d 1.11° 1.25 be 0.75¢ 0.79 <d
(17.21) (9.79) (10.38) (8.74) (7.97) (5.39) (7.61)

S, mollissima m 1.16b¢ 458 de 1.36 1.08° 1.26 b¢ 0.69 2 0.80 <d
(13.57) (6.36) (6.78) (7.09) (3.33) (3.71) (3.35)

S, oenotriae 61 1.23¢ 480°f 1.434 1.09 b 1.32de 0.68° 0.77 ab
: (14.59) (7.23) (8.87) 9.72) (11.26) (5.50) (10.73)

S, tomentosa 1 1.15b 4.62¢ 1.34¢ 1.09 b 1.23b 0.682 0.814
’ (10.38) (6.28) (5.17) (6.38) (4.54) (4.87) (4.61)
S velutina 135 1.384 483f 1.534 1.15¢ 1.33¢ 0.74 ¢ 0.76

' (15.01) (7.91) (8.43) (9.70) (9.82) (3.98) (9.80)

Similar to the lateral view, the aspect ratio was between 1.08 in S. auricolifolia and
1.78 in S. velutina. Four groups were defined by the seeds with large (S. gazulensis,
S. hicesiae, S. hifacensis, S. mollissima and S. velutina), intermediate (S. badaroi and S. ichnusae),
intermediate-small (S. andryalifolia, S. oenotriae and S. tomentosa) and smallest values of
aspect ratio (S. auricolifolia). The coefficient of variation had higher values in the measure-
ments of size (A, P, L and W) than in the shape measurements (AR, C and R).

In the species with two populations analyzed (S. hicesiae and S. velutina), there was
no difference in size, aspect ratio, circularity or roundness between the populations (not
shown). In contrast, there was a difference in the size and aspect ratio among the popula-
tions of S. badaroi (three populations) and S. hifacensis (six populations) (not shown).

2.2. Comparison of the Average Silhouette of Seeds with the Geometric Models
2.2.1. Lateral View of Seeds
The average silhouettes obtained for the lateral view of the seeds in all 20 populations

belonging to 11 species are shown in Figure 1. They were compared with the models LM1
to LMS8 described in Refs. [33,34].
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Table 2. Results of Kruskal-Wallis and post hoc tests for the size and shape measurements of the
seeds in species of the Silene mollissima aggregate. Mean values and coefficient of variation (given
in parentheses) are indicated for area (A), perimeter (P), length (L), width (W), aspect ratio (AR),
circularity (C) and roundness (R). Values marked with the same superscript letter in each column
correspond to populations that do not differ significantly at p < 0.05. N indicates the number of

seeds analyzed.

Species N A (mm?) P (mm) L (mm) W (mm) AR C R

S. andryalifolia 24 1.339(8.90)  4.884(5.91) 1.60 © (6.53) 1.06¢ (449)  1.52P¢(6.92)  0.70¢(7.01)  0.66 4 (6.81)
S. auricolifolia 14 151 (17.78) 4969 (9.68) 143 (8.04) 1.33f(1027)  1.082 (4.46) 0.77 (7.64) 0.93 © (4.46)
S. badaroi 74 0752 (16.11)  3.692(7.35)  1.222(7.14)  0.78>(10.04)  1.56°(7.00)  0.69 9 (5.80)  0.64 ° (6.76)
S. gazulensis 23 0722 (14.61) 3783 (9.12) 1242 (7.95) 0732 (7.18)  1.719f(529) 063" (5.67)  0.59°" (5.40)
S. hicesiae 43 0.712(17.35)  3.87°(9.38) 1242 (8.66)  0.732(9.65)  1.689¢(635)  0.60%(7.30) 059" (6.12)
S. hifacensis 128 1.00° (17.60)  4.35°(9.68) 146 (956) 0.87°(879)  1.689(576)  0.66°(5.08)  0.60" (5.69)
S. ichnusae 20 0.96° (16.82)  4.26° (7.67) 1.39°(9.49)  0.87°(8.75) 1.60 © (8.44) 0.66 < (8.77) 0.63 © (8.19)
S. mollissima 20 1.04P(11.35)  445°(5.82) 1514 (520)  0.87°(7.20) 174 (459)  0.66° (4.11) 0.58 2 (4.73)
S. oenotriae 20 1.19°(11.87) 4939 (6.26) 1.539(4.97) 0999 (8.09)  155°(7.40)  0.612(7.18)  0.65< (6.83)
S. tomentosa 20 1.03P(11.23)  4.37° (4.25) 1.39 b (5.05) 0.944 (6.92) 149° (4.22)  0.68° (5.06)  0.679 (4.26)
S. velutina 39 1.23°(13.57)  5.12¢(7.37) 1.66 f (6.15) 0.94 4 (9.94) 1.78 £(9.90) 0.59 2 (9.43) 0.57 2 (9.60)

S. andryalifotia VM16/14 S. auricolifolia VM-01/15 S. badaroi VM01/13 S. badaroi VM06/13 S. badaroi VM07/13
S. gazulensisi VM17/14 S. hicesiae GM0313 S. hicesiae VM02/13 S. hifacensis VM03/14 S. hifacensis VM04/14
S. hifacensis VM05/14 S. hifacensis VM08/14 S. hifacensis VM07/14 S. hifacensis VM08/14 S. ichnusae 18/17
S. molfissima VM10/14 S. oenotriae VM04/13 S. tomentosa VM03/13 S. velutina 192/06 S. velutina 54/17

Figure 1. Average silhouettes obtained for the lateral views of 20 populations of 11 species in the
Silene mollissima aggregate.

The average silhouette of each population was compared with the eight geometric
models. The results of the comparison are given in Table 3. The values of | index (percent
similarity to the models) superior to 90 were obtained in all the species tested. Maximum
values were obtained with model LM1 for S. andryalifolia, S. auricolifolia and S. ichnusae,
with model LM4 for S. badaroi, S. hicesiae, S. hifacensis and S. oenotriae and with model LM5
for S. gazulensis, S. mollissima and S. tomentosa. S. velutina showed the best score with model
LMS8. The | index was calculated with models LM1, LM4 and LMS5 for all the species.
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Table 3. Values of | index of the average silhouettes with lateral models LM1 to LM8. In bold, upper
values obtained for each species.

Species N LM1 LM2 LM3 LM4 LM5 LMe6 LM7 LMS8

S. andryalifolia 24 92.0 91.8 88.3 91.9 91.9 84.2 88.5 89.0
S. auricolifolia 8 92.9 91.1 85.2 87.5 88.7 80.2 89.4 89.6
S. badaroi 70 91.0 91.0 90.4 93.4 91.7 86.3 89.3 90.3
S. gazulensis 32 90.6 88.4 90.4 90.8 93.3 87.7 91.4 90.0
S. hicesiae 48 88.1 87.3 89.2 91.7 90.1 88.7 87.5 86.8
S. hifacensis 128 91.9 91.0 90.4 93.8 92.0 86.3 89.1 90.5
S. ichnusae 20 92.9 91.7 88.3 90.5 91.9 82.9 89.4 91.8
S. mollissima 20 91.7 91.0 91.3 92.8 93.4 88.3 90.3 89.2
S. oenotriae 24 89.9 87.1 90.5 92.0 91.3 89.2 89.7 87.0
S. tomentosa 20 92.8 92.2 90.1 92.5 93.2 86.5 91.4 91.0
S. velutina 45 87.1 85.8 88.5 87.9 88.7 87.7 89.1 88.8

2.2.2. Dorsal View of Seeds

The average silhouettes obtained for the dorsal view of the seeds in all 20 populations
belonging to 11 species are shown in Figure 2. They were compared with models DM1,

DM5 and DM6 [35].

S. andryalifolia VM16/14 S. auricolifolia VM-01/15 S. badaroi VM01/13 S. badaroi VM06/13 8. badaroi VMO7/13
S. gazulensisi VM17/14 S. hicesiae GM0313 S. hicesiae VM02/13 S. hifacensis VM03/14 S. hifacensis VM04/14
S. hifacensis VM05/14 S. hifacensis VM06/14 S. hifacensis VM07/14 S. hifacensis VM08/14 S. ichnusae 18/17
S. mollissima VM10/14 S. oenotriae VM04/13 S. tomentosa VM03/13 S. velutina 192/06 S. velutina 54/17

Figure 2. Average silhouettes obtained for the dorsal views of 20 populations of 11 species in the
Silene mollissima aggregate.

The results of the comparison of the average silhouette of each species in the dorsal
views of the seeds with the three geometric models tested are given in Table 4. Values
superior to 90 were obtained for all the species except for S. auricolifolia, whose seeds
are round in their lateral view. Maximum values were obtained with model DM5 for
S. andryalifolia, S. badaroi, S. oenotriae and S. tomentosa. With model DM6, the highest
values were obtained for S. gazulensis, S. hicesiae, S. hifacensis, S. ichnusae, S. mollissima and
S. velutina. The | index values were tested with models DM1, DM5 and DM6 for the seeds
of all the species.
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Table 4. Values of | index of the average silhouettes with dorsal models DM1, DM5 and DM6. In
bold, upper values obtained for each species.

Species N DM1 DM5 DMé6

S. andryalifolia 24 90.5 93.7 90.1
S. auricolifolia 8 79.2 79.2 68.0
S. badaroi 70 91.9 94.2 90.9
S. gazulensis 32 92.0 91.7 93.1
S. hicesiae 48 89.2 91.0 91.4
S. hifacensis 128 914 92.5 93.4
S. ichnusae 20 92.0 92.8 92.9
S. mollissima 20 91.4 90.9 93.2
S. oenotriae 24 91.8 92.9 85.7
S. tomentosa 20 92.2 93.9 91.5
S. velutina 45 89.8 87.8 91.8

2.3. Shape Quantification with Models: The Mean ] Index in the Seeds of Each Species
2.3.1. Shape Quantification in the Lateral Views with Models LM1, LM4 and LM5

The percent similarity (] index) of the seeds with the models giving the highest values
in the comparison with the average silhouettes (LM1, LM4 and LM5) was obtained for all
the species (Table 5).

Table 5. Results of Kruskal-Wallis and post hoc tests for the | index values (percent of similarity of
the lateral views of seeds with models LM1, LM4 and LM5) of the 11 species of the Silene mollissima
aggregate. Mean values and coefficient of variation (given in parentheses) are indicated for | index
values with the different models. Values marked with the same superscript letter in each column
correspond to populations that do not differ significantly at p < 0.05. N indicates the number of seeds
analyzed. In bold, upper values obtained for each species.

Species N LM1 LM4 LM5

S. andryalifolia 24 89.2 € (1.64) 88.8 <4 (1.68) 89.9% (1.72)
S. auricolifolia 8 91.1 4 (1.80) 85.2 3P (4.00) 85.82 (2.61)
S. badaroi 70 89.8 <d (1.60) 90.0 © (2.01) 89.7b (1.42)
S. gazulensis 32 87.1 2P (2.80) 88.2 bed (2.22) 89.3 % (2.07)
S. hicesiae 48 86.12 (3.18) 88.1bed (2 76) 86.8 2 (2.66)
S. hifacensis 128 90.2°d (2.14) 91.1 f (1.51) 90.1° (1.45)
S. ichnusae 20 89.3 <d (2.41) 88.2 bed (2.70) 87.82 (2.44)
S. mollissima 24 87.77 (2.07) 86.8 ab¢ (3.27) 86.22 (2.59)
S. oenotriae 24 86.2 2 (3.83) 87.8 bed (2.25) 86.8 (2.84)
S. tomentosa 20 90.1 <4 (1.40) 89.5 d¢ (2.10) 89.7° (1.69)
S. velutina 45 84.8 2 (4.93) 84.8 2 (4.58) 85.82 (3.61)

The analysis with each of the three models revealed a variable number of groups
of low, intermediate and high | index values. Three species gave the lowest scores with
model LML1 (S. hicesiae, S. oenotriae and S. velutina), and S. auricolifolia gave the highest
values. Intermediate values of | index with LM1 were obtained in the remaining species.
Three species gave the lowest scores with model LM4 (S. auricolifolia, S. mollissima and
S. velutina), while the highest values were observed in S. hifacensis followed by S. badaroi
and S. tomentosa; the remaining species had intermediate values. With model LM5, two
groups were obtained of low (S. auricolifolia, S. hicesiae, S. ichnusae, S. mollissima, S. oenotriae
and S. velutina) and high values of | index (S. andryalifolia, S. badaroi, S. gazulensis, S. hifacensis
and S. tomentosa). Images of LM5 with S. andryalifolia, S. badaroi, S. gazulensis, S. hifacensis
and S. tomentosa are shown in Figures A1-A5 of Appendix A, and images of LM5 with
S auricolifolia, S. hicesiae, S. ichnusae, S. mollissima, S. oenotriae and S. velutina are shown in
Appendix A Figures A6-A11, respectively.

The coefficient of variation had lower values in the measurements of | index than in
the other shape measurements (AR, C and R; see Table 1).
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2.3.2. Shape Quantification in the Dorsal Views with Models DM1, DM5 and DM6

The percent similarity of the dorsal views of the seeds with models DM1, DM5 and
DMB6 (J index) was obtained for all the species (Table 6).

Table 6. Results of Kruskal-Wallis and post hoc tests for the | index values (percent of similarity of
the dorsal views of seeds with models DM1, DM5 and DM6) of the 11 species of the Silene mollissima
aggregate. Mean values and coefficient of variation (given in parentheses) are indicated for | index
values with the different models. Values marked with the same superscript letter in each column
correspond to populations that do not differ significantly at p < 0.05. N indicates the number of seeds
analyzed. In bold, upper values obtained for each species.

Species N DM1 DM5 DMé6
S. andryalifolia 24 87.3 cde (1.51) 89.9 ef (1.43) 87.8 bede (3 43)
S. auricolifolia 14 7332 (3.75) 73.7 2 (3.49) 68.0 2 (3.56)
S. badaroi 69 88.0 de (2.27) 90.1 f (1.56) 88.4 bede (2 78)
S. gazulensis 24 85.2 bede (2 87) 85.4 bc (2.51) 89.3 de (1 54)
S. hicesiae 40 83.9bc (2.77) 85.2 b (2.98) 88.8 bede (1 64)
S. hifacensis 120 85.4 bede (2 76) 86.3 bed (2,67) 90.4 9¢ (1.42)
S. ichnusae 20 84.8 bed (3.28) 86.6 <de (2.94) 87.4 ¢ (3.31)
S. mollissima 20 84.4 b (2.26) 84.6 b< (2.21) 90.5 € (1.31)
S. oenotriae 20 86.3 bede (2.19) 88.7 def (1.77) 87.6 bd (2.93)
S. tomentosa 20 88.6 ¢ (1.81) 90.0 f (1.42) 86.1° (2.31)
S. velutina 36 83.0P (4.84) 83.21 (5.04) 87.8 bede (3 04)

The analysis with model DM1 revealed four groups: the highest scores were obtained
in S. tomentosa, lowest in S. auricolifolia followed by S. velutina and intermediate in the
remaining species. Nevertheless, better scores were obtained with DM5 and DM6. The
values with model DM5 defined four groups: one formed by S. andryalifolia, S. badaroi
and S. tomentosa with the highest scores, the lowest scores in S. auricolifolia followed by
S. velutina and intermediate in the remaining species. The DM6 demonstrated the highest
values of the J index in S. mollissima followed by S. hifacensis, with the lowest scores in
S. auricolifolia followed by S. tomentosa while the remaining species had intermediate values.
The coefficient of variation had lower values in the measurements of | index than in the
other shape measurements (AR, C and R; see Table 2).

3. Discussion

The description of the seed shape by comparison with geometric models allows the
quantification of shape, an important step for phenotype characterization in the analysis of
differences between varieties and species as well as for the study of the effect of environ-
mental factors. The information reported in this study allows to increase the knowledge on
the seed traits of species of Silene [15,16,18,33,34], with particular reference to the members
of Silene mollissima aggregate [36]. The overall seed shape in the lateral views of the Silene
species resembles a cardioid and figures related to it, while, in the dorsal views, it is more
elongated, resulting in shapes related to modified ellipses and hyper-ellipses. The models
used in this work for the lateral views of the seeds (LM1 to LM8) were described by Martin-
Gomez et al. and Juan et al. [33,34], while the models DM1, DM5 and DM6, used in the
description of the dorsal views of the seeds, were recently described by Rodriguez-Lorenzo
et al. [35]. This is the fourth publication reporting seed shape quantification in species of
Silene by this method and the first time that a set of lateral and dorsal models has been
applied simultaneously to a set of geographically and phylogenetically related species.

The first conclusion of this work confirms the previous observations detected by using
this type of analysis (e.g., [33-35]) and especially refers to the stability of shape. In summary,
(I) the coefficient of variation is smaller in shape than in size measurements, and (II) the
coefficient of variation is smaller in a measurement that describes the overall similarity of a
seed image with a geometric figure (J index) than in general shape measurements (aspect
ratio, circularity or roundness). In this work, differences in the size between populations
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were found in S. badaroi, S. hicesiae, S. hifacensis and S. velutina, while differences in the shape
estimated as ] index values with the different models were found only in the comparisons
made with average silhouettes.

The differences in the size between the populations of the same species could not be
correlated with known geographical factors. The populations having different seed size of
species S. badaroi, S. hicesiae, S. hifacensis and S. velutina were located close to each other to
attribute differences to climatic features, such as mean minimum temperatures or latitude.
In the other cases reported, the differences in seed size in S. dioica were attributed to local,
micro-environmental effects acting on a group of plants [37], similar to those described in
Arabidopsis helleri (L.) O’Kane & Al-Shehbaz due to the presence of metals in the soil [38].
Differences in size between populations can also be attributed to the date of collection; for
example, the seeds produced earlier in a plant are larger than seeds produced later [39].

A linear discriminant analysis (LDA) based on morpho-colorimetric measurements
was applied to five Tyrrhenian species of the S. mollissima aggregate [36]. In this work,
S. badaroi and S. hicesine were separated from each other and from the other species analyzed
(S. ichnusae, S. oenotriae and S. velutina). There are multiple factors influencing the result
of LDA, while our analysis addresses more precisely the question of overall seed shape
differences between species or populations independent of other considerations of size or
color measurements.

The 11 species from the S. mollissima aggregate can be included in two groups for
the lateral views and three for the dorsal views of seeds. Concerning the lateral views,
the first group showing higher values of | index with model LM5 includes S. andryalifolia,
S. badaroi, S. gazulensis, S. hifacensis and S. tomentosa; the second group, with lower values of
Jindex with LM5, includes S. auricolifolia, S. hicesiae, S. ichnusae, S. mollissima, S. oenotriae and
S. velutina. S. gazulensis is endemic in the Gibraltar area and its relatedness with S. fomentosa
was already reported in the description of the former species [35].

In relation to the dorsal views, three groups resembling the results of the analysis of the
aspect ratio were obtained. First, S. auricolifolia, with rounded seeds, forms an independent
group. The second group contains all the species whose seeds have intermediate values
of aspect ratio and whose dorsal views resemble model DMS5 (S. andryalifolia, S. badaroi,
S. oenotriae and S. tomentosa) and the third group, similar to species with higher values of
aspect ratio, contains seeds resembling in their dorsal view the model DM6 (S. gazulensis,
S. hicesiae, S. hifacensis, S. ichnusae, S. mollissima and S. velutina). According to their lateral
and dorsal shape, and in relation to the other species studied by this method, the species of
the S. mollissima aggregate resemble S. conica and S. coutinhoi, whose dorsal views adjust
well to DM5 and DM, respectively [35]. These two models have similar figures, with the
only difference being that DM6 is narrower than DM5. The Iberian species S. coutinhoi is
closely related to these species in the Silene sect. Siphonomorpha [40].

The analysis carried out in this work permitted to describe the seed shape of
20 populations of 11 taxa of S. mollissima aggregate as well as to detect two groups
for the lateral views and three groups for the dorsal views of seeds of species of different
geographic origin. The description of the seed shape by comparison with geometric
models should be used as a complementary method in studies that take into considera-
tion other morphological characteristics, such as the morpho-colorimetric quantitative
and qualitative features of seeds, leaves, hairs, flowers, fruit or other characteristics of a
plant, in order to ensure a more effective performance of classification among taxa. It is
a low-cost and non-invasive approach, may contribute to the future studies on the other
species of Silene and could be useful as the basis for a large-scale study.

4. Materials and Methods
4.1. Seeds of Silene Analyzed

Seeds of the 11 species of the Silene mollissima aggregate were obtained in the Sardinian
Germplasm Bank (BG-SAR; [40]) and are described in Table 7. The localities of origin of
the seed populations used in this work are shown in Figure 3. The accessions of each
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species were stored at —25 °C and preserved on the basis of established international
protocols [41,42].

Table 7. Species and populations used in this work.

Accession Code

Seed Number Mean Coordinates Mean Elevation

Species in BG-SAR Locality (Date of Collection) (in Stock) (WGS 84) (masl)
S. andryalifolia VM16/14 Canellas de Alabaida, Malaga, Spain (20 May 2014) 30 36°50" N; 3°59' W 500
S. auricolifolia VMO01/15 Santa Cruz, Orano, Algeria (12 May 2015) 16 34°42 N; 00°40' W 316

S. badaroi VMO01/13 Capo Noli, Liguria, Italy (1 June 2013) >200 44°11' N; 8°25' E 240
S. badaroi VMO06/13 Marciana, Isola d’Elba, Tuscan Archipelago, Italy (6 July 2012) >200 42°48' N; 10°08' E 8
S. badaroi VMO07/13 Provence-Alpes-Cote d’ Azur, Hyeres, France (1 June 2013) 41 42°04' N; 6°06' E 10
S. gazulensis VM17/14 Alcala de los Gazules, Cadiz, Spain (15 June 2014) 48 36°27' N; 5°43' W 200
S. hicesiae GMO0313 Isole Eolie, Panarea, Sicily, Italy (2005) 66 38°38' N; 15°03' E 390
S. hicesiae VM02/13 Isole Eolie, Panarea, Sicily, Italy (25 July 2013) >200 38°38' N; 15°03' E 390
S. hifacensis VMO03/14 Passebret, Cap D’Or, Alicante, Spain (1 July 2013) >200 38°40’ N; 00°08’ E 100
S. hifacensis VMO04/14 Morro de Toix, Calpe, Alicante, Spain (1 July 2013) >200 38°37' N; 00°01" E 56
S. hifacensis VMO05/14 Cova Cendres, Cap D’Or, Alicante, Spain (1 July 2013) >200 38°41' N; 00°09' E 80
S. hifacensis VMO06/14 Es Tossals, Cala Alabarca, Ibiza, Isole Baleari, Spain (16 June 2013) 92 39°03' N; 01°22' E 20
S. hifacensis VMO07/14 Illot de la Mona, Xabia, Alicante, Spain (1 July 2013) 49 38°48' N; 00°11' E 2
S. hifacensis VMO08/14 Morro de Toix, Calpe, Alicante, Spain (1 July 2014) >200 38°37' N; 00°01’ E 56
S. ichnusae 18/17 Capo Falcone, Stintino, Sardinia, Italy (1 July 2017) 67 40°58' N; 08°12" E 15
S. mollissima VM10/14 Coma Freda, Maiorca, Isole Baleari, Spain (5 August 2014) 96 39°48' N; 02°52' E 650
S. oenotriae VMO04/13 Massiccio del Pollino, Basilicata, Italy (2 June 2013) 62 39°49' N; 16°19’ E 350
S. tomentosa VMO03/13 Gibraltar Botanical Garden, Gibraltar (unknown) 64 36°07' N; 05°20° W 250
S. velutina 192/06 Cala del Morto, Isola di La Maddalena, Sardinia, Italy (15 July 2006) >200 41°14' N; 09°24' E 3
S. velutina 54/17 Abbattoggia, Isola di La Maddalena, Sardinia, Italy (12 August 2017) 73 41°14' N; 09°24' E 3
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Figure 3. Map of the western Mediterranean biogeographic region showing the localities of origin of
the seed populations used in this work.

4.2. Seed Images

Photographs were taken with a Nikon Z6 camera with an objective AF-S Micro
NIKKOR 60 mm f/2.8G ED. From an initial photograph made to the pool of seeds in
each population and containing between 30 and 110 seeds, composed images containing
20-30 seeds regularly oriented per accession were prepared with Corel Photo Paint.
In these images, the seeds were aligned to allow further analysis in Image]. The im-
ages are stored at: https://zenodo.org/record/6205212#.YhOpUujMKMS (accessed on
21 February 2022).

4.3. General Morphological Description

Area (A), perimeter (P), length of the major axis (L), width (W), aspect ratio (AR is
equal to L/W), circularity (C) and roundness (R) were obtained for the lateral views of
seeds of each species from the initial photographs containing 16-110 seeds with Image]
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program [43]. The seeds were oriented with the micropyle to the right. A ruler was the
reference for the conversion of pixel units to length or surface units (mm or mm?). The
circularity index and roundness were calculated as described [44]. Circularity is the ratio
(47t x A)/P2, while roundness is (4 x A)/nL2; in consequence, circularity decreases with
irregularities of seed surface that increase the perimeter, but roundness is not affected.

4.4. Obtention of an Average Silhouette

The average silhouette is a representative image of seed shape for each group of seeds.
A total of 20 seeds were used for each studied species. The silhouette was obtained in
Corel Photo Paint by the protocol described [45] (a detailed video is available at Zenodo:
https:/ /zenodo.org/record /4478344#.YBPOguhKiM8, accessed on 2 September 2021). The
layers containing the seeds are superimposed and the opacity is given a value of 20 in all
layers. All the layers are combined, and the brightness is adjusted to a minimum value.
From this image, we are interested in the inner region representing the area where most of
the seeds coincide, which is the darkest area. To select it, we use the magic wand tool and,
with tolerance equal to 10, this selection is copied and pasted as a new layer.

4.5. Geometric Models Used in the Comparisons

The models used in this work were: for the lateral views of seeds, the eight models
already described for Silene seeds [33,34] that are stored in Zenodo https://zenodo.org/
record /5535612#.YbyrC2jMKMS (accessed on 21 February 2022).

Models DM1, DM5 and DM6 for the dorsal views of seed models are available at:
https:/ /zenodo.org/record /5997355#.Y g0zSN_MKMS (accessed on 21 February 2022).

4.6. Comparison with Geometric Models: Calculation of the | Index
J index is defined by:

J index = (area S)/(area T) x 100

where S is the area shared between the seed image and the model and T, the total area
occupied by both figures. | index ranges between 0 and 100, reaching maximum values
when the geometric model and the seed image areas coincide. A high value of ] index,
i.e., high similarity with a given model, means a precise definition of seed shape for a
particular species. A good adjustment to the model was considered when | index values
were superior to 90 [33].

J index was calculated with the eight geometric models described for Silene on the
average silhouettes of each species. Those models giving high values were applied to
calculations of | index with the samples of 20-30 seeds.

Area calculation was carried out by superimposing the model on each seed image,
searching a maximum adjustment between the shapes of the seeds and the geometric
model (Figure 4). Three files were kept for each composition: (1) a document (PSD format)
with the seeds and the geometric figure adapted to each of them, in which it is possible
to make corrections; (2) a file (JPG format) with the geometric models in black, which is
useful to obtain total area (T) with the software ImageJ and (3) another file in JPG format
with the geometric models in white, useful to obtain the values of area shared between
the geometric figure and the seed image (S) in Image] (Figure 4). Image composition with
seeds and models was done in Corel PHOTO-PAINT X7, and area quantification in Image].
Figure 4 illustrates examples of the adjustment between seed images and the geometric
models with indication of the areas measured for the calculation of the | index.

4.7. Statistical Analysis

The raw data are available at: https://zenodo.org/record /6378816#.YjrjpOfMKM8
(accessed on 23 March 2022). The mean, minimum and maximum values and the standard
deviation were obtained for all the measurements indicated (A, P, L, W, AR, C and R) as
well as for | index with the different models. Statistics were analyzed on IBM SPSS statistics
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v28 (SPSS 2021) and R. software v. 4.1.2 [46]. As some of the populations did not follow a
normal distribution, non-parametric tests were applied for the comparison of populations.
Kruskal-Wallis test was completed followed by stepwise stepdown comparisons by the ad
hoc procedure developed by Campbell and Skillings [47]. P values inferior to 0.05 were
considered significant. The coefficient of variation was calculated as CVtrait = standard
deviationtrait/ meantrait x 100 [48].

Figure 4. A sample of the composed images used for | index calculation. Seed images are combined
with the geometric figure (model) in a different layer. In the upper part of this image, three seeds of
Silene mollissima have the cardioid superimposed in black. They give the value of total area in Image].
The same seed images with model superimposed in white give the values of shared area between the
seed and the model.

5. Conclusions

The seed morphology in the 11 species of the S. mollissima aggregate has been
analyzed based on the comparison with geometric models both in the lateral and dorsal
views. In the lateral view, the seeds resemble a cardioid (LM1) or models derived from
it (LM4 and LM5). The comparison with LM5 revealed two groups of high and low
similarity with this model. The group of high similarity to LM5 contains the species from
Andalousie and Levant in southern Spain and the region of the Mediterranean coast in
France and northern Italy with S. andryalifolia, S. badaroi, S. gazulensis, S. hifacensis and
S. tomentosa. The group of lower similarity to LM5 includes the species of the islands
along the Mediterranean Sea and north Africa: S. auricolifolia, S. hicesiae, S. ichnusae,
S. mollissima, S. oenotriae and S. velutina. S. auricolifolia constitutes a separate group due
to roundness in both the lateral and dorsal views.

In comparison with the other species analyzed by geometric models, and in particular
in their dorsal views, the seeds of the S. mollissima aggregate, excluding S. auricolifolia,
resemble species S. conica and S. coutinhoi.

Differences between the populations of the same species were found for seed size,
circularity and roundness but not in shape quantification by similarity with a geometric
model (J index), thus indicating the stability of the shape measured by comparison with a
geometric model in comparison with the other measurements.

Author Contributions: Conceptualization, ].J.M.-G., M.P,, G.B. and E.C.; methodology, ].J.M.-G.,
M.P, G.B. and E.C.; software, ].J.M.-G. and E.C.; formal analysis, ].].M.-G., M.P,, G.B. and E.C.;
investigation, J.J].M.-G., M.P,, G.B. and E.C.; resources, ].]. M.-G., M.P,, G.B. and E.C.; data curation,
J.J.M.-G.; writing—original draft preparation, E.C.; writing—review and editing, ].].M.-G., M.P.,, G.B.
and E.C.; visualization, ].J.M.-G. and E.C. All authors have read and agreed to the published version
of the manuscript.
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Appendix A

Figure Al. Superimposed images of the lateral view of Silene andryalifolia seeds, the corresponding
average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

e8¢ ¢¢

Figure A2. Superimposed images of the lateral view of Silene badaroi seeds, the corresponding average
silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

¢ €¢

Figure A3. Superimposed images of the lateral view of Silene gazulensis seeds, the corresponding

average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.
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Figure A4. Superimposed images of the lateral view of Silene hifacensis seeds, the corresponding
average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

Figure A5. Superimposed images of the lateral view of Silene tomentosa seeds, the corresponding
average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

8¢ ¢Ge

Figure A6. Superimposed images of the lateral view of Silene auricolifolia seeds, the corresponding

average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

¢ €8¢

Figure A7. Superimposed images of the lateral view of Silene hicesiae seeds, the corresponding

average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.
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¢¢ ¢¢

Figure A8. Superimposed images of the lateral view of Silene ichnusae seeds, the corresponding

average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

¢ 66

Figure A9. Superimposed images of the lateral view of Silene mollissima seeds, the corresponding
average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

¢¢ ¢e¢

Figure A10. Superimposed images of the lateral view of Silene oenotriae seeds, the corresponding
average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.

¢ &¢

Figure A1l. Superimposed images of the lateral view of Silene velutina seeds, the corresponding

average silhouette, model LM5 and two seeds of this species. Bar represents 1 mm.
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Abstract: Antioxidants and phytohormones are hallmarks of abiotic stress responses in plants.
Although it is known that they can offer cell protection or accelerate programmed cell death (PCD)
depending on the level of stress, the involvement of these metabolites in stress acclimation is still not
fully elucidated. Here, we showed the role of antioxidants and phytohormones in Salvia officinalis
tolerance to long-term ozone (O3) exposure (120 ppb for 36 days, 5 h day’1). Salicylic acid (SA)
content was increased under O3 throughout the whole experiment (+150%, as average compared
with control), being required to maintain the cellular redox state and potentiate defense responses.
This accumulation was induced before the production of ethylene (ET), suggesting that ET was
controlled by SA during O3 exposure to modulate the magnitude of chlorosis formation and the cell
redox balance (by regulating ascorbate and glutathione levels). The synthesis and/or regeneration
of these antioxidants did not protect membranes from lipid peroxidation, as demonstrated by the
accumulation of malondialdehyde (+23% as average). However, these processes of lipid oxidation
did not include the synthesis of the membrane breakdown products, as confirmed by the unchanged
values of jasmonic acid, thus indicating that this compound was not involved in the regulation of
PCD strategies.

Keywords: abscisic acid; aromatic herb; ascorbate-glutathione cycle; jasmonic acid; lipoic acid;
oxidative stress; salicylic acid; Salvia officinalis

1. Introduction

Plants grow in a continuously changing environment, which has favored the evolution
of a highly flexible metabolism and development essential for their sessile lifestyle [1].
Plant metabolism must be highly regulated in order to allow effective integration of a broad
spectrum of biosynthetic pathways resulting in antioxidant accumulation and redox sig-
naling activation [2]. Rather than involving simple signaling cassettes, emerging concepts
indicate that the relationships between redox state and metabolism are subtle and com-
plex. Plants can be considered as reducing-oxidizing systems in which catabolic processes
produce energy, and anabolic processes assimilate it [3]. A key feature determining plant
adaptive capability is the extent to which oxidative reactions can be closely controlled. If
environmental changes are too extreme to allow short-term metabolic controls to maintain
fluxes through primary metabolism, the stress-induced damage ensues [4]. In this situation,
functional and genic alterations are induced in an attempt to restore redox homeostasis.
If these responses are not occurring appropriately, then primary metabolism becomes im-
paired, oxidative stress becomes even more severe, and cell death and senescence responses
are triggered [5]. Oxidative damage is a widespread phenomenon extensively observed in
plants exposed to biotic and abiotic stress.
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Tropospheric ozone (O3) is a major air pollutant that negatively affects many bi-
ological activities in living organisms, being a strong oxidant [6-9]. Although several
efforts have been made to decrease the emission of O3 precursors, background O3 levels
in the Northern Hemisphere are estimated to increase from the current 35-50 ppb to
42-84 ppb by the end of the century, with occasional peaks above 200 ppb [10,11]. Ozone
enters the plant through open stomata, and in the apoplast, it breaks down into reactive
oxygen species (ROS), whose excessive formation injures DNA, proteins, lipids, and
carbohydrates, thus causing reduction of photosynthesis and growth, cell dehydration,
accelerated leaf senescence, and the appearance of chlorotic/necrotic leaf injuries [6].
Ascorbate (Asc) and glutathione (Glu) are major ROS scavengers [4], but plant antiox-
idant power is not limited only to these metabolites, as the detoxification process is a
complex network including also other enzymatic and non-enzymatic antioxidants [12].
The roles of some of these antioxidants (e.g., superoxide dismutase, catalase, polyphenols
and carotenoids) in plant-Oj interaction have been largely investigated (e.g., [4,13]),
while those of other antioxidants (e.g., lipoic acid) remain understudied. Phytohormones
are also crucial in the regulation of plant growth, development and response to biotic
and abiotic stresses, including O3 [14,15]. However, it is largely known that cellular
responses of plants to Oz are dose-dependent. Phytohormones (e.g., ethylene (ET), and
jasmonic (JA), salicylic (SA) and abscisic (ABA) acids) have been investigated almost
exclusively for their signaling roles in single pulse O3 studies (considering a pulse of
Os typically greater than 150 ppb, e.g., [16-18]), so another aspect that still needs to be
elucidated regards the involvement of these molecules in stress acclimation or plant
tolerance to long-term O3 exposure expected in the near future.

A plant species that has shown a good tolerance to O3 [19-22], as well as to other
abiotic stresses (e.g., drought and salinity, [23,24]), is Salvia officinalis L. (sage, Lamiaceae
family). Native to the Middle East and Mediterranean areas, and naturalized throughout
the world, it is a major aromatic herb used in the food and pharmaceutical industries
because of its important biological activities, including antioxidant and antimicrobial
properties, mainly due to its foliar secondary metabolites [25,26]. Our research group has
been studying the sage-Oj3 interaction from different angles for about 10 years [19-22,27].
Among these investigations, Pellegrini et al. [27] carried out a monthly evaluation of
the ecophysiological responses and some antioxidant regulators (i.e., f-carotene and
polyphenols) in sage exposed to 120 ppb of Oj for three consecutive months (5 h day 1),
and showed that although photosynthetic activity was reduced already after 1 month
of exposure (i.e., the first time of analysis), sage was able to activate an adaptive sur-
vival mechanism to complete its life cycle. This capability was mainly attributed to an
accumulation of polyphenols [27], and this interpretation seemed then confirmed by
Marchica et al. [22], who reported an increased antioxidant capacity twinned with an en-
hancement of polyphenols occurring during the first weeks of exposure under the same
Oj3 concentration (i.e., 120 ppb, 5 h day~!) but for only 36 consecutive days. Good O3
tolerance and increased antioxidant capacity were also reported by Marchica et al. [19] in
sage exposed to a single pulse of O3 (200 ppb for 5 h), here highlighting also a key antiox-
idant role of Asc and Glu. Following the same experimental design, Marchica et al. [20]
also reported a crucial signaling network including ROS and phytohormones (i.e., ET,
JA, SA and ABA) activated by sage in response to a single pulse of O3 exposure. Overall,
these researches have led to some very interesting results, but they have also opened up
other equally interesting but still unanswered questions.

In the present study, sage was again exposed to 120 ppb of O3 for 36 consecutive days
5h dayfl) in order to (i) evaluate the effects of long-term O3 on sage during the first
weeks of exposure, and (ii) characterize the roles of antioxidants (both the most and less
investigated) and phytohormones in sage tolerance to long-term O3 exposure.
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2. Results
2.1. Leaf Symptoms and Chlorophyll Content

Ozone-treated plants showed a progressive leaf chlorosis from 14 days from the
beginning of exposure (FBE) up to the experimental period (Figure 1a). No symptoms
were observed on plants exposed to charcoal-filtered air (i.e., controls), throughout the
whole experiment. The one-way repeated measures analysis of variance (ANOVA) of
Chlspap values showed that the effects of O3, time, and their combination were significant
(Figure 1b). Ozone also significantly decreased relative chlorophyll content by 23% at
14 days FBE, by 40% at 22 days FBE, and by approximately 60% at 29 and 36 days FBE
(throughout the whole text, percentages of O3 effects are calculated in comparison with
controls at the related times of analysis; Figure 1b).
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36
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Ozone *** a
Time
0 Ozone x Time ™™
28 7 14 22 29 36
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Figure 1. (a) Leaf symptoms of Salvia officinalis exposed to 120 ppb of ozone (5 h day~!) for
7,14, 22, 29 and 36 consecutive days. Bar: 1 cm. (b) Variation in relative chlorophyll content
(determined in SPAD values, Chlgpap) in leaves of sage exposed to charcoal-filtered air (open
circle) or to 120 ppb of ozone (5 h day’l) for 36 consecutive days (closed circle). Data are shown
as mean =+ standard deviation. p levels for the effects of ozone, time, and their interaction from a
one-way repeated measures ANOVA are shown (***: p < 0.001). According to Tukey’s HSD post
hoc test, different letters indicate significant differences among means (p < 0.05).

2.2. Gas Exchange and Chlorophyll a Fluorescence

The one-way repeated measures ANOVA of ecophysiological parameters showed
that the effects of O3, time, and their combination were significant (Figure 2). Ozone
significantly decreased CO; assimilation rate (A) from 14 days FBE (—51%), with great
reductions observed at 29 and 36 days FBE (approximately —80%, Figure 2a); whereas
stomatal conductance (gs) was similarly reduced by O3 from 14 days FBE until the end
of exposure (approximately —60%, as average, Figure 2b). Conversely to A, intercellular
CO;, concentration (C;) increased under O3 exposure from 14 days FBE (+11%), reaching
higher values at 29 and 36 days FBE (+13%, Figure 2c). Ozone decreased the maximum
quantum efficiency of the photosystem II (PSII) photochemistry (Fy/Fn) already at
7 days FBE (—9%), and this effect was almost consistent until the end of exposure
(Figure 2d).
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Figure 2. Variation in (a) CO, assimilation rate (A), (b) stomatal conductance (gs), (c) intercellular
CO; concentration (C;), and (d) maximum quantum efficiency of the photosystem II photochemistry
(Fv/Fm) in leaves of sage exposed to charcoal-filtered air (open circle) or to 120 ppb of ozone
5h day’l) for 36 consecutive days (closed circle). Data are shown as mean = standard deviation. For
each parameter, p levels for the effects of ozone, time, and their interaction from a one-way repeated
measures ANOVA are shown (***: p < 0.001, **: p < 0.01, *: p < 0.05). According to Tukey’s HSD post
hoc test, different letters indicate significant differences among means (p < 0.05).

2.3. Malondialdehyde and Lipoxygenase Activity

The two-way ANOVA of malondialdehyde (MDA) and lipoxygenase (LOX) activity
showed that the effects of O3, time, and their combination were significant (Figure 3).
Ozone significantly increased MDA content by 20% at 14 days FBE and by approximately
25% at later times of analysis (Figure 3a). A variable O3 effect was instead reported on
LOX activity: it was decreased at 7 and 14 days FBE (—65 and —76%, respectively), did
not show differences at 22 days FBE, increased at 29 days FBE (+61%), and came back to
control values at the end of exposure (Figure 3b).
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Figure 3. Variation in (a) malondialdehyde (MDA) content, and (b) lipoxygenase (LOX) activity in
leaves of sage exposed to charcoal-filtered air (open circle) or to 120 ppb of ozone (5 h day 1) for
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36 consecutive days (closed circle). Data are shown as mean =+ standard deviation. For each
parameter, p levels for the effects of ozone, time, and their interaction from a two-way ANOVA are
shown (***: p < 0.001, **: p < 0.01). According to Tukey’s HSD post hoc test, different letters indicate
significant differences among means (p < 0.05). FW: fresh weight.

2.4. Low Molecular Weight Antioxidants

The two-way ANOVA of low molecular weight antioxidants showed that the effects of
O3, time, and their combination were significant (Figure 4). Ozone significantly increased
the reduced form of Asc (AsA) at 14, 22 and 29 days FBE (+22, +21 and +27%, respectively;
Figure 4a), as well as the oxidized form (DHA) at 22 and 29 days FBE (around +41%,
Figure 4b). Differently, O3 increased reduced Glu (GSH) at 7 days FBE (+60%), as well as at
29 days FBE, and even more at 36 days FBE (+63%, Figure 4c). Additionally, oxidized Glu
(GSSG) was increased by Os at 22 and again at 36 days FBE (+53 and +56%, respectively;
Figure 4d). Ozone also induced a marked accumulation of reduced and oxidized lipoic acid
(DHLA and LA, respectively) at 14 days FBE (+109 and +352%, respectively). Conversely,
O3 reduced LA content at 7 days FBE (—64%). No other significant effects were reported at
other times of analysis for these parameters (Figure 4e,f).
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Figure 4. Variation in (a) reduced ascorbate (AsA), (b) oxidized ascorbate (DHA), (c) reduced
glutathione (GSH), (d) oxidized glutathione (GSSG), (e) reduced lipoic acid (DHLA), and (f) oxidized
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lipoic acid (LA) contents in leaves of sage exposed to charcoal-filtered air (open circle) or to 120 ppb
of ozone (5h day’l) for 36 consecutive days (closed circle). Data are shown as mean =+ standard
deviation. p levels for the effects of ozone, time, and their interaction from a two-way ANOVA are
shown (***: p <0.001, **: p < 0.01). According to Tukey’s HSD post hoc test, different letters indicate
significant differences among means (p < 0.05). FW: fresh weight.

2.5. Phytohormones

The two-way ANOVA of phytohormones showed that the effects of O3, time, and
their combination were significant (except “ozone” and “ozone x time” for JA; Figure 5).
Ozone induced a marked accumulation of ET at 22 days FBE (+166%), which then lowered
at 29 (+153%) and 36 (+66%) days FBE (Figure 5a). No Oj effects were reported on JA
(Figure 5b). Ozone increased total SA (free plus conjugated forms of SA) already at 7 days
FBE (+78%), and even more at all the other times of analysis (+150%, as average, Figure 5c).
Moreover, ABA increased under O3 throughout the whole experiment, peaking at 14 days
FBE and again at 36 days FBE (+145 and +49%, respectively; Figure 5d).
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Figure 5. Variation in (a) ethylene (ET), (b) jasmonic acid (JA), (c) total salicylic acid (free plus
conjugated forms of SA), and (d) abscisic acid (ABA) contents in leaves of sage exposed to charcoal-
filtered air (open circle) or to 120 ppb of ozone (5 h day’l) for 36 consecutive days (closed circle). Data
are shown as mean = standard deviation. p levels for the effects of ozone, time, and their interaction
from a two-way ANOVA are shown (**: p < 0.001, ns: p > 0.05). According to Tukey’s HSD post hoc
test, different letters indicate significant differences among means (p < 0.05). FW: fresh weight.

3. Discussion

As reported in a previous investigation performed by our research group [27], sage
plants exposed to 120 ppb of O3 (5 h day ) for 90 consecutive days showed leaf yellowing,
as well as some disorders in terms of leaf water status and photosynthetic performance,
starting from 30 days FBE (i.e., the first time of analysis in that study). As expected, the
present study showed that sage plants exposed to the same O3 concentration exhibited
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similar Oz-induced negative effects already in the first weeks of exposure. Indeed, the
severity and incidence of visible injury that develops in plants are commonly utilized as
indicators of O3 damage [28]; here, a leaf chlorosis was clearly detectable at 14 days FBE,
and it developed until the end of exposure. The reader should be aware that a single pulse
of O3 at a higher concentration (200 ppb for 5 h) did not induce any visible foliar injury in
sage [19,20]. The appearance of visible leaf injury because of O3 tends to occur by means
of two processes. First, O3 and Oz-induced ROS directly harm plant cells by resulting
in leaf chlorosis, necrosis and senescence [15]. Second, O3-derived ROS work as signal
molecules that stimulate the hypersensitive response (HR; [29]). Because senescence and
HR are genetically defined cell death programs and show several similarities, it has been
speculated that common steps might exist for the induction and/or execution of these
two processes [30]. In both cases, phytohormones and signaling molecules play a dual
role, either offering protection or increasing/accelerating programmed cell death (PCD),
depending on the intensity and duration of Oj stress. A single pulse of O3 (usually higher
than 150 ppb) commonly induces an early synthesis of ET followed by the production
of SA, JA, and ABA, where (i) ET and SA signaling triggers ROS production and PCD,
establishing a feedback loop, (ii) JA attenuates this cycle by reducing the ROS production,
and consequently ET biosynthesis and PCD, and (iii) ABA mainly acts as regulator of
stomatal closure and Oj influx [15,27]. This crosstalk was also reported in leaves of
sage plants exposed to 200 ppb of O3 for 5 h [20], but the present study showed a very
different regulation of these compounds in sage under long-term O3 treatment. In particular,
the content of SA was significantly increased by O3 throughout the whole period of the
experiment, being probably required to maintain cellular redox state and potentiate defense
responses [31]. It is known that SA may regulate Glu levels when plants are subjected to
various stress factors, by acting as an antioxidant molecule through the Asc-Glu cycle [32].
In the present study, Glu was mainly accumulated at 7 (only the reduced GSH) and
36 days FBE (both GSH and GSSG), whereas both Asc forms were accumulated at 22
and 29 days FBE (likely the crucial stressful period), according to the outcomes reported
above. The accumulation of SA was induced before the production of ET, supporting
the hypothesis that the level of ET is controlled by SA during O3 exposure in order to
modulate the magnitude of lesion formation and HR-like cell death by contributing to
the regulation of Asc and Glu levels. It should be noted that the synthesis and/or the
regeneration of these low molecular weight antioxidant compounds to their reduced
powerful antioxidant forms (due to LA after reduction to DHLA as observed at 7 and
14 days FBE) were not able to protect membranes from lipid peroxidation, as demonstrated
by the accumulation of MDA (one of the major indicators of cell membrane damage; [33])
from 14 days FBE and even more at the last times of analysis. However, these processes of
lipid oxidation did not include the synthesis of the membrane breakdown products formed
by LOX, as confirmed by the highly variable response of this enzyme to O3 exposure (which
decreased at 7 and 14 days FBE, and increased only at 29 days FBE, when most severe
symptoms and physiological impairments were first reported) and the unchanged values
of JA (thus confirming that this compound was not involved in the regulation of PCD
strategies; [34-36]). In addition, Marchica et al. [22] documented that the composition of
volatile products of LOX pathway (such as C¢ aldehydes and alcohols and their derivatives)
was slightly affected by O3 exposure (under the same experimental conditions), suggesting
that after a progression of oxidative pressure until 29 days FBE, sage then settled into
a stable stress state until the end of exposure (in terms of free fatty acids released by
phospholipases from membranes in response to O3), confirming a capability of this species
to tolerate long-term O3 exposure for several weeks.

Our results documented that the production of SA and ET is required to potentiate
defense responses in Oz-treated plants, although leaf injury through the induction of
PCD is enhanced starting from 14 days FBE. Symptom observations were in accordance
with Chlspap values, which confirmed a chlorophyll degradation that followed the same
symptom development. A reduction of chlorophylls (i.e., chlorophyll 2 and b) as well as of
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carotenoids (i.e., 3-carotene, antheraxanthin, lutein, and violaxanthin) was already reported
at 30 days FBE in Pellegrini et al. [27]. Chlorosis is usually associated with alterations of
the photosynthetic process [37]. An Oz-induced reduction of photosynthesis was indeed
reported from 14 days FBE, and especially at the last two times of analysis (i.e., 29 and
36 days FBE), thus following the same trend reported for leaf symptoms and Chlgpap.
This photosynthetic impairment was clearly due to stomatal limitations, as gs showed
reductions similar to those of A (although no higher g reductions were reported at 29 and
36 days FBE), and to mesophyll limitations, as C; increased following an opposite trend to
that of A (i.e., mesophyll cells did not consume CO; for photosynthetic assimilation). The
consistent increases in ABA observed throughout the whole experiment lead us to speculate
that specific signaling pathways (i.e., xanthophyll and Asc-Glu cycles; [3,38]) are activated
in order to modulate stomatal function, photosynthesis, and photoprotection under O3
exposure [36,39]. Pellegrini et al. [27] also observed a decrease in A and gs values due to
O3 at 30 days FBE, but no C; increases were reported in that study (C; decreased). The
lack of mesophyll impairment in Pellegrini et al. [27] was likely due to the fact that plants
were there exposed to O3 in a fumigation facility where temperature, relative humidity and
photon flux density were controlled and set at optimal levels for plant growth, thus under
better environmental conditions than those of the present study, where plants were exposed
to O3 in fumigation chambers located inside a greenhouse with natural environmental
conditions (except for O3 concentration). Indeed, Fy /Fy, (i.e., the most widely used photo-
oxidative stress marker, [40]) also was not affected by O3 in Pellegrini et al. [27], whereas a
PSII photodamage was reported at all times of analysis in the present work, thus confirming
both the environmental differences between the studies, and more importantly, the harsh
O3 effects reported in the present study on mesophyll functioning. Finally, it should be
noted that the Fy /Fy, values were never below 0.70 in Os-treated plants throughout the
whole period of the experiment, suggesting the idea that F, /F, is sensitive not only to O3,
but also to environmental factors [41].

Overall, the outcomes of the present study suggest that sage was able to orchestrate
the regulation of a number of antioxidants and phytohormones, and this capability allowed
sage to tolerate long-term Oj stress. We speculated that a synergistic interaction among SA,
ET and ABA may modulate the defense responses and, at the same time, the magnitude
of chlorosis in response to Oz exposure. Similar results were previously reported by
Guo et al. [35,36] and interpreted as a marker of O3-induced leaf senescence [35,36]; this is
an aspect that warrants more investigation in order to deeply understand the dual roles of
these molecules, as well as the study of these stress-response pathways at a gene expression
level. Furthermore, given that increasing O3 concentrations and other environmental
stresses (e.g., elevated CO; level, drought, and UV) usually occur together, more research
would be interesting to further investigate the interactive impacts of multiple environmental
stresses on the orchestrated regulations highlighted by the present study.

4. Materials and Methods
4.1. Plant Material and Experimental Design

Experimental activities were carried out at the field station of San Piero a Grado (Pisa,
Italy) run by the Department of Agriculture, Food and Environment of the University of
Pisa. At the beginning of spring 2019, 8-month-old seedlings of S. officinalis obtained from a
local nursery were transplanted in 3.7 L plastic pots with a mix of steam-sterilized soil and
peat (1:1, v/v), and kept under standard conditions until the beginning of the O3 exposure.
In May 2019, sixty uniformly sized plants (ca. 30 cm tall) were placed in four fumigation
chambers inside a greenhouse with natural lighting (the average photon flux density during
measurements was around 500 pmol photons m~2 s~ at plant height), and kept under
charcoal-filtered air (fifteen plants in each chamber). Ten days later, half of the plants at veg-
etative stage were exposed to a target concentration of 120 ppb of O3 (1 ppb = 1.96 ug m~—3,
at 25 °C and 101.325 kPa) for 36 consecutive days (5 h dayfl, in the form of a square wave
from 10:00 a.m. to 03:00 p.m.), while the other plants at vegetative stage were maintained
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under charcoal-filtered air (control, O3 concentration < 5 ppb). Further details about the
experimental conditions and methodology are reported in Marchica et al. [22].

Analyses were performed at 7, 14, 22, 29 and 36 days FBE (i.e., approximately weekly).
At each time of analysis, at least five plants at vegetative stage per O3 treatment (1 > 5)
were randomly selected and measured in terms of gas exchange, chlorophyll a fluorescence
and relative chlorophyll content (the same plants were repeatedly measured throughout the
whole experiment; one leaf per plant). Then, using other plants at vegetative stage (n > 4),
five fully expanded leaves (equally distributed over plant height) per plant were excised
for ET determination, and another 10 fully expanded leaves (again equally distributed
over plant height) per plants were sampled, immediately frozen in liquid nitrogen, and
stored at —80 °C until biochemical analyses. All measurements were performed on leaves
developed before the beginning of O3 treatment.

4.2. Gas Exchange and Chlorophyll a Fluorescence

The CO, assimilation rate (A), stomatal conductance (gs), and intercellular CO, con-
centration (C;) were determined using an LI-6400 portable photosynthesis system (Li-COR,
Lincoln, NE, USA), operating at ambient CO; concentration and saturating light conditions
(1500 pmol m~2 s~! PAR). Chlorophyll a fluorescence measurements were collected using a
PAM-2000 fluorometer (Walz, DE). The minimum and maximum fluorescence yields in the
dark-adapted state (Fy and Fyy,, respectively) were determined immediately before and after
the application of a saturating light pulse in 40 min dark-adapted leaves (the same used for
gas-exchange measurements). The maximum quantum efficiency of PSII photochemistry
was calculated as Fy /Fy, = (F — Fo)/Fm [42]. A SPAD 502 m (Minolta, JP) was also used
to determine leaf greenness and estimate relative chlorophyll content (Chlgpap). Three
measurements per leaf were made, and the mean of these measurements was recorded.

4.3. Assessment of Oxidative Damage and Lipoxygenase Activity

Oxidative damage was assessed in terms of lipid peroxidation by measuring the
accumulation of malondialdehyde (MDA) by-products [43]. Samples (40 mg fresh weight,
FW) were extracted with 1 mL of 80% ethanol. The determination was performed with a
fluorescence/absorbance microplate reader (Victor3 1420 Multilabel Counter, Perkin Elmer,
Waltham, MA, USA) at 440, 532 and 600 nm.

The lipoxygenase (LOX) activity was assessed by analyzing the oxidation of Fe?* to
Fe3* when linoleic acid was added [44]. Samples (150 mg FW) were homogenized with
an LOX extraction solution (equal parts of 15 mM CaCl, solution, 13% (v/v) sucrose, and
60 mM Tris-HCl buffer at pH 6.8). The enzymatic activity was assessed using a UV-Vis 1900
spectrophotometer (Shimadzu, Kyoto, Japan) at 235 nm for 600 s at 50 °C.

4.4. Determination of Low Molecular Weight Antioxidant Contents

The total (AsA plus DHA) and reduced ascorbate (AsA) contents were measured as
described by Kampfenkel et al. [45], with minor modifications. Samples (60 mg FW) were
homogenized with 500 uL of 80% methanol. The supernatant was divided in order to
determine the total pool and the reduced form of Asc. The determination was performed
using the same spectrophotometer reported before at 525 nm. The oxidized form of Asc
was calculated as the difference between total ascorbate and AsA.

The total (GSH plus GSSG) and oxidized glutathione (GSSG) contents were determined
according to Sgherri and Navari-Izzo [46]. Samples (50 mg FW) were homogenized with
500 pL of 5% TCA. The supernatant was divided in order to determine the total pool and the
oxidized form of Glu. The determination was performed using the same spectrophotometer
reported before at 412 nm, for 1 min at 25 °C. The amount of GSH was calculated as the
difference between total glutathione and GSSG.

Lipoic and dihydrolipoic acids were extracted by acidic hydrolysis by adding samples
(150 mg FW) with 1 mL of 6 N HCI [47]. The supernatants were mixed with 500 pL of
chloroform, and the resultant organic fraction was collected and evaporated to dryness
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under vacuum. Samples were recovered with 500 pL of acetonitrile/0.1% acetic acid
in water, 45:55 (v/v), which was the isocratic mobile phase eluted into an ultra-high-
performance liquid chromatograph system (UHPLC; Dionex UltiMate 3000 system, Dionex
UVD 170U UV-Vis detector; Thermo Scientific Waltham, MA, USA) equipped with an
Acclaim Trinity P1 column (3 um, 3.0 x 50 mm). The flow rate was 1 mL min~!. Both LA
and DHLA were detected at 210 nm.

4.5. Determination of Phytohormone Contents

A few minutes after excision, ET production was measured by enclosing five leaves
from each plant in air-tight containers. After 1 h of incubation at room temperature, gas
samples were taken from the headspace of the containers. Separations were performed
with a gas chromatograph (HP5890, Hewlett-Packard, Ramsey, MN, USA) equipped with a
flame ionization detector and a stainless steel column (150 mm length x 0.4 cm internal
diameter, packed with Hysep T). A detailed description of analytical conditions is available
in Mensuali-Sodi et al. [48].

Jasmonic acid was determined by using a GC-MS according to Huang et al. [49], with
minor modifications. Samples (100 mg FW) were extracted with 1 mL of methanol. The
supernatants were evaporated at 37 °C under a vacuum for 10 min, and the residue was re-
suspended with 750 uL of ethyl acetate. The extract was injected into an Agilent 8890B gas
chromatograph equipped with an Agilent DB-5MS (UI) capillary column (30 m x 0.25 mm;
coating thickness 0.25 pm) and an Agilent 5977B single quadrupole mass detector (Agilent
Technologies Inc., Santa Clara, CA, USA). A detailed description of analytical conditions is
available in Huang et al. [49].

Free and conjugated SA were determined by UHPLC according to Zawoznik et al. [50]
with some modifications. Samples (150 mg FW) were extracted with 1 mL of 90% (v/7v)
methanol. Separations were performed with the same UHPLC system reported above,
equipped with an Acclaim 120 C18 column (5-pm particle size, 4.6-mm internal
diameter x 150-mm length) mounted in a Dionex TCC-100 column oven and a Dionex
UltiMate 3000 RS fluorescence detector (Thermo Scientific) with excitation and emission at
305 and 407 nm, respectively. The flow rate was 1 mL min—1.

Abscisic acid (ABA) content was determined after extracting leaf tissue in 1 mL of
distilled water. The determination of ABA was performed at 415 nm with the same fluores-
cence/absorbance microplate reader reported before using the Phytodetek® Immunoassay
Kit for ABA (Agdia, Elkhart, IN, USA).

4.6. Statistical Analyses

The normal distribution of data was preliminarily tested by the Shapiro-Wilk test.
The effects of O3 (between factor), time (within factor), and their combination on Chlgpap,
gas-exchange parameters and F, /F, were analyzed using a one-way repeated measures
analysis of variance (ANOVA). The effects of O3, time, and their combination on biochemi-
cal parameters were analyzed using a two-way ANOVA. Comparisons among parameter
means were determined by the Tukey’s HSD post hoc test. Statistically significant effects
were considered for p < 0.05. Analyses were performed in JMP 11 (SAS Institute Inc., Cary,
NC, USA).
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Abstract: Plants’ resistance to stress factors is a complex trait that is a result of changes at the
molecular, metabolic, and physiological levels. The plant resistance strategy means the ability to
survive, recover, and reproduce under adverse conditions. Harmful environmental factors affect
the state of stress in plant tissues, which creates a signal triggering metabolic events responsible
for resistance, including avoidance and/or tolerance mechanisms. Unfortunately, the term ‘stress
resistance’ is often used in the literature interchangeably with ‘stress tolerance’. This paper highlights
the differences between the terms ‘stress tolerance” and “stress resistance’, based on the results of
experiments focused on plants’ responses to drought. The ability to avoid or tolerate dehydration is
crucial in the resistance to drought at cellular and tissue levels (biological resistance). However, it is not
necessarily crucial in crop resistance to drought if we take into account agronomic criteria (agricultural
resistance). For the plant user (farmer, grower), resistance to stress means not only the ability to
cope with a stress factor, but also the achievement of a stable yield and good quality. Therefore, it is
important to recognize both particular plant coping strategies (stress avoidance, stress tolerance) and
their influence on the resistance, assessed using well-defined criteria.

Keywords: drought; state of stress; tolerance; avoidance; yield; stress survival

1. Introduction

Unfavorable environmental conditions frequently affect plants” performance, both in
natural and agricultural settings. Cramer et al. [1] reported that only 3.5% of the global
land area is free from any environmental constraints. Therefore, plants are often exposed to
abiotic stress factors which affect their proper development and limit crop production [2—4].
Being immobile organisms, plants have been forced to develop specific adaptive traits
and ability to adjust (acclimate) to adverse conditions (Figure 1). Adaptation includes
developmental, morphological, and physiological traits which help the growth under
adverse conditions. Acclimation (hardening) comprises structural, physiological, and
biochemical changes responsible for the adjustment to new environmental conditions. It
should be distinguished from adaptation, which usually refers to evolutionarily created and
genetically determined traits. The ability to acclimate is determined by plant plasticity and
includes activation of several complex cellular and molecular responses such as changes in
hormone balance and gene expression [5].

The number of papers that focus on the mechanisms of plants response and resistance
to stress factors has increased several folds since the beginning of this century [1,6]. It
should be highlighted that the understanding of resistance to stress differs depending
on the plant’s strategy and plant user’s expectations. Therefore, it is very important to
correctly define resistance to stress using clear and appropriate criteria. Stress resistance
should not be confused with stress tolerance, which often happens and leads to some
misunderstanding which, in my opinion, makes it difficult to define the traits involved
in crop resistance to environmental limits. Scientific research focused on identifying the
mechanisms or traits responsible for the resistance of crops to stress factors should consider
the differences between stress tolerance and stress resistance. The environmental constraint
that most often causes the loss of yield throughout the world is drought [2,7]. This paper
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discusses plant strategies responsible for coping with drought stress and the involvement
of the components of these strategies in crop resistance to drought.

Acclimation
non-heritable adjustment
leading to the improvement
of individual plant
performance and survival
under stress conditions

Adaptation
evolutionary adjusted
(genetically determined)
and hereditary constitutive
traits that increase fithess
to stress conditions

The ability to cope with
stress conditions

Figure 1. Stress adjustment developed in plants.

2. Concept of Stress and Terminology of Stress Resistance

A stress factor affects the state of stress (strain) in plant cells, which leads to structural
or metabolic dysfunctions (growth inhibition, damage of structural and functional proteins,
inhibition of enzyme activity) and death, or triggers changes that help the plant to adjust to
adverse conditions. The plant response depends on the duration and severity of the stress
factor, as well as on genetic traits that determine the ability to cope with stress. Depending
on the level of stress and duration, plants can experience the state of eustress or distress
(Figure 2). A low dose of stressor causes a slight strain (eustress), which triggers responses
that help to cope with harmful conditions. Distress caused by a high dose of stressor
rapidly triggers the state of stress in plants, leading to physiological destabilization and
death or activation responses that protect against stress damage [8]. Plants’ resistance to
stress resulting from either adaptation or acclimation may be the effect of activation of
diverse coping strategies including stressor escape, stress avoidance (avoidance of the state
of stress in cells), and stress tolerance (tolerance of the state of stress in cells). The strategy
of stressor escape (adaptive strategy) relies on the adjustment of the life cycle to the period
when plants’ needs are met. It can be observed in drought-sensitive plant species, growing
in arid and semi-arid areas with regular water deficit, as well as in early spring plants living
in a temperate climate. These plants start to develop at the end of winter (February /March)
and complete their life cycle at the beginning of spring. Such a strategy is also observed
in perennial plants of a temperate climate, which become dormant at the end of autumn
to avoid low winter temperatures. The process of preparing plants to survive winter
is autumn leaf senescence, controlled by environmental conditions (light, temperature)
which affect the relocation of nitrogen, phosphorus, and other elements from leaves to
other organs as well as increased levels of endogenous ABA, responsible for dormancy [9].
Maintaining seed dormancy under harsh conditions, regulated by the interplay between
ABA and gibberellins, is also considered a stress escape strategy [10]. Stress avoidance
is based on the traits and modifications that prevent the occurrence of the state of stress
in plant cells, through retardation or weakening of the action of the stressor—as in, for
example, stomatal closure responsible for the restriction of water loss through leaves, as
well as osmotic adjustments in plant growing under water deficit conditions [2,11]. Stress
tolerance, on the other hand, includes mechanisms responsible for coping with the ongoing
state of stress in plant cells, such as the synthesis of compatible substances and proteins,
which protects against the negative effect of osmotic and ionic stresses in drought- and
salt-stressed plants [11,12]. In other words, it is the capacity to sustain plant functions,
thanks to the modifications that counter negative effects of the occurrence of the state of
stress, and to repair the damage after stress relief (Figure 2).
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Biological resistance
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| Stable yields |

| Agricultural resistance |

Figure 2. Plant responses to abiotic stress factors, coping strategy, and resistance.

Both stress avoidance and stress tolerance are responsible for resistance to stress,
understood as the ability to cope with adverse environmental conditions, by keeping a
balance between growth, reproduction, and activation of suitable coping strategies [13].
This kind of resistance can be called biological resistance, which is the strategy of an individual
plant to tolerate and survive stress conditions. An example of biological resistance is also the
stressor escape strategy which occurs in stress-sensitive plants. From the perspective of
plant users, crop resistance to environmental stresses should be defined as the ability to
cope with stress conditions thanks to defense responses (stress tolerance and/or avoidance)
which enables maintenance of stable and good quality yields. Therefore, it can be called
agricultural resistance.

3. Plant Responses to Drought

Drought is a meteorological term defined as a period of little or no rainfall, which
reduces the amount of water in the soil, and is usually accompanied by high evaporative
demand, leading to continuous loss of water by transpiration. It is considered the most
frequent climate-related constraint in many regions of the world [3,14]. This stress factor
generates the state of stress (strain) in plant cells, which is the reduction in water con-
tent (dehydration, water deficit), adversely affecting plant physiological activity, growth,
reproduction, and crop productivity [15]. The level of dehydration depends on stress
severity and duration, as well as on adaptive traits protecting against water loss (smaller
leaves, leaves covered with cuticle or tomentose, as well as leaf folding) and supporting
water uptake from deeper soil layers (extensive vertically orientated root system). Another
example of an adaptive trait protecting from water loss is stomatal behavior (stomata open
at night and closed during day) in crassulacean acid plants (CAM) having an alternative
route of carbon assimilation which occurs during the night [5,16]. The above-mentioned
adaptations do not usually occur in crop plants, which mostly belong to mesophytes, and
are able to grow in an environment with a moderate supply of water. These plants may
adjust to water scarcity through the activation of stress avoidance and/or tolerance mech-
anisms directed at preventing dehydration and/or dehydration damage, and surviving
stress [11,13]. A suitable and commonly used marker to evaluate the level of dehydration
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(state of stress) is relative water content (RWC). In leaves of well-irrigated plants RWC is
>90%, but with mild drought stress it is in the range 60-70%, with moderate stress 40-60%,
and in the case of severe stress it is lower than 40% [17].

Based on the ability to maintain stable leaf hydration under water deficit conditions
the water management strategy of plants is classified as isohydric or anisohydric [18].
Isohydric species (‘water savers’) maintain nearly constant RWC through precise control
of stomatal behavior. These plants respond to drought by a rapid decrease in stomatal
conductance (gs) and restriction of excessive water loss without a reduction in leaf area
but at the same time show a decrease in photosynthetic activity. In contrast, anisohydric
plants (‘water wasters’) show a decrease in leaf water content and strong leaf area reduction
but keep stomata open and maintain a high photosynthetic rate [19-21]. The extent of
tissue dehydration is a signal triggering, directly or through ABA increase, the activation
of appropriate metabolic and physiological changes responsible for plants” adjustment to
drought [22]. Even a slight decrease in RWC triggers upstream signaling events, leading
to ABA accumulation and stomatal closure [23]. It was suggested that ABA is primarily
synthesized in roots, then it is moved to shoots via xylem vessels and acts as a signal of soil
water shortage [24]. Recent research revealed that the source of ABA accumulation in roots
under drought stress conditions is its transport from leaves [25,26]. In the model plant
Arabidopsis thaliana it was observed that CLE-25 peptide is a root-derived molecule which
moves via the vasculature to leaves and transmits a water deficit signal triggering ABA
synthesis by the activation of biosynthetic enzymes [27]. The root-shoot signal mediating
the effect of soil water deficit on stomata in tomato comprises a dialogue between ABA and
strigolactones, ethylene precursor ACC, or sap pH [28]. Stomatal closure in response to soil
water deficit in maize and poplar (isohydric species) is regulated by the interaction between
the hydraulic signal as a primary message and ABA as a secondary message [18,28,29].

ABA is also involved in several downstream events responsible for the maintenance
of tissue hydration (dehydration avoidance strategy), which include osmotic adjustment,
comprising the accumulation of organic osmotic compounds (proline, glycine-betaine,
soluble proteins, carbohydrates) in leaves and in roots [15,22]. It appears to be necessary for
the activation of proline transport and deposition in the root growing region, allowing the
maintenance of root growth and undisturbed water uptake under drought conditions [29].
Indeed, ABA plays a central role in plants’ response to drought at different levels of
organization; however, it does not act alone but through synergistic or antagonistic crosstalk
with other hormones. Crosstalk between ABA, ethylene (ET), and auxin (AUX) regulates
root growth and architecture [30]. Guard cells” aperture and water loss by stomata are
controlled by the orchestration of ABA with jasmonic acid (JA), ET, salicylic acid (SA), as
well as AUXs and cytokinins (CKs). Increased levels of JA, ET, and SA in drought-stressed
plants promote the induction of stomatal closure which is maintained by the decline in
CKand AUX levels [31-34]. Foliage-derived ABA promotes root growth under drought
by lowering the level of ET, which is a root growth inhibitor [35]. Additionally, auxin-
induced alteration of root architecture, which leads to the creation of more vertical and
deeper roots, plays an important role in maintaining better water acquisition under drought
conditions [27,36]. Brassinosteroid (BR)-induced root hydrotropism and accumulation of
osmoprotectants (proline, trehalose, raffinose) in roots may also improve water uptake
under drought [27,37]. The beneficial effect of ABA on water transport and tissue hydration
under drought conditions may also be achieved by its influence on the improvement of root
hydraulic conductivity through regulation of the activity of membrane water channels—
aquaporins [38,39].

The strategy of dehydration avoidance (isohydric behavior) allows plants to sustain
physiological functions under stress conditions and recover after stress termination. This
strategy is effective in plants exposed to mild or moderate drought that does not last very
long but under prolongated drought it affects carbon starvation [40]. Moreover, when
stomata are closed plants absorb more light than can be used in carbon fixation, which
triggers generation of reactive oxygen species (ROS), affecting secondary stress and damage
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of PSII, leading to further weakness of photosynthesis [12,41]. What is more, during long-
term drought the ability of plants to maintain stomatal closure may be weakened due to
a decrease in ABA level and plant behavior changes to anisohydric [42]. The response to
drought in anisohydric plants (barley, wheat, sunflower) is mainly regulated hydraulically.
The maintenance of stomatal conductance in these plants is supported by the capacity for
osmotic adjustment, controlled by the dehydration signal, which enables plants to extract
water from soil to maintain tissue hydration [18,40]. In anisohydric wheat genotypes the
level of ABA in leaves did not change under water deficit conditions, while in roots it
increased but only after 21 days of stress [29]. Therefore, it is possible that, along with
tissue dehydration, ABA may also play a role in the response of anisohydric species to
prolonged drought. The stomatal conductance in anisohydric plants is also maintained by
undisturbed water movement through cell membrane aquaporins responsible for roots’
ability to conduct water [43]. It was reported that ABA increases the activity of aquaporins
and improves root hydraulic conductivity [44]. The activity of aquaporins is also regulated
by gibberellins (GAs), CKs, methyl jasmonate (MeJA), and AUXs at transcriptional and post-
transcriptional levels ([45] and references therein). The anisohydric strategy is beneficial
under mild to moderate drought conditions but may be a risk under severe and long-term
stress, which may cause hydraulic failure and severe dehydration [20].

In plants exposed to severe and long-term drought, dehydration cannot be avoided,
and activation of dehydration tolerance mechanisms becomes important. Dehydration
has a deleterious effect on cell membranes and causes the disruption of many biochemical
and physiological processes [2,46]. A frequently used indicator of dehydration tolerance
is the cell membrane injury index or membrane stability index, which shows the ability
to maintain membrane integrity at a given level of dehydration [47,48]. The dehydration
tolerance mechanisms enable plants to maintain membrane integrity and cell homeosta-
sis, and to regain physiological activity after stress cessation [12,41]. These mechanisms
are controlled by ABA-dependent and -independent pathways and include synthesis of
protective proteins (LEA proteins, dehydrins, chaperons) and compatible compounds (pro-
line, glycine-betaine, proline-betaine, trehalose, raffinose mannitol, pinitol) involved in
enzyme and membrane protection [2,22,41,49,50]. Dehydration-induced disturbance of the
respiratory metabolic pathway exhibits generation of ROS, leading to a state of oxidative
stress [2,46,51-53]. Moreover, in drought-stressed plants the enhanced build-up of ROS is
caused by photosynthesis disruption and increased photorespiration due to the limitation
of CO, uptake [53,54]. Overproduction of ROS (secondary stress), which includes superox-
ide radicals (O2° ™), hydrogen peroxide (H,0O,), hydroxyl radical (OH®), and singlet oxygen
(10y), is harmful to organelles through lipid peroxidation and damage to nucleic acids
and proteins [2,3,46]. In order to overcome oxidative damage, plants possess enzymatic
and non-enzymatic ROS-scavenging systems. Enzymatic antioxidants include superoxide
dismutase (SOD), catalase (CAT), and peroxidases (POX). The non-enzymatic components
of the antioxidative system comprise ascorbic acid, a-tocopherol, flavonoid, glutathione,
carotenoids, proline, and phenolic compounds which mitigate oxidative damage by direct
reduction of ROS activity and by working together with antioxidant enzymes [53,55]. Addi-
tionally, alternative oxidase (AOX) is involved in avoidance of excess generation of ROS in
mitochondrial electron transport chains [54]. ABA plays a pivotal role in the activation of
antioxidant enzymes and synthesis of low molecular ROS scavengers [49,50]. Upregulation
of the antioxidant system may also be controlled by JA, SA, and BRs [34,51-58].

Thanks to the efficient antioxidative system, plants can keep ROS at non-toxic lev-
els, and these molecules are thought to act as signals for activation of stress defense re-
sponses [45,54]. It was also evidenced that NADPH oxidase localized in apoplastic fluid is
involved in ROS production for integrating signaling networks involved in stress response
processes. An increased level of this enzyme was detected in drought-stressed rice as well
as in leaves of ABA- and Ca*-treated maize seedlings [54,59]. Moreover, NADPH oxidase
regulates HyO, production for the signaling cascade which affects ABA-dependent stomatal
closure and antioxidant defense. The involvement of NADPH oxidase in brassinosteroid-
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induced H,O, production and regulation of stomatal closure/opening and antioxidant
defense was also reported [54,60].

Plant responses to drought are governed by a sophisticated regulatory system work-
ing at the molecular level. The decrease in turgor pressure leads to tension changes in
plasma membranes, which are perceived by membrane proteins including receptor-like
kinases (RLKs), histidine kinases (HKSs), and integrin-like proteins (ILPs) working as os-
motic stress sensors. ATHKI is an Arabidopsis thaliana His kinase postulated to play a
role in water stress perception triggering the mitogen-activated protein kinase (MAPK)
signaling cascade both in ABA-dependent and ABA-independent regulatory systems [61].
A crucial role in the signal transduction route is played by transcription factors (TFs) that
bind to TF binding sites (TFBS) in the promotor region and regulate gene expression. TF
families involved in plants’ response to drought include bZip (AREB/ABF), AP2/ERF
(DREB/CBF), MYB/MYC, WRKY, and NAC [3,62]. In the ABA-dependent pathway the
perception of ABA by receptor proteins is the primary event that triggers downstream
signaling cascades to induce final physiological responses. The receptors for this hor-
mone are small soluble cytosol/nucleus-localized pyrabactin resistance (PYR)/PYR-like
(PYL)/regulatory components of ABA receptor (RCAR) proteins. The interaction of ABA
with PYR/PYL/RCARs affects deactivation of protein phosphatase enzymes (PP2Cs),
which are constitutive negative regulators of ABA-induced responses. The inhibition of
PP2Cs leads to auto-phosphorylation of the protein kinases SnRK2s, which induces stom-
atal closure and stimulates nuclear targets that trigger expression of various water stress
associated genes due to activation of TFs [62]. ABA-dependent gene expression systems
involve activation of b-ZIP (AREBs/ABFs), MYC/MYB, as well as NAC transcription
factors [63].

In ABA-independent responses to drought the dehydration signal from the cell surface
to the nucleus is mediated by calcium, JA, and ROS [62]. Water deficit leads to membrane
destabilization and Ca?* influx into the cytoplasm. The calcium signal is detected and
transduced through calmodulin (CaM), calcium dependent protein kinases (CDPK), and
calcineurin B-like proteins (CBLs) and interacts with the MAPK cascade, leading to acti-
vation of TFs (DREB, NAC) and expression of genes coding the synthesis of functional
proteins (LEA proteins, chaperones, dehydrins, enzymes of osmolyte biosynthesis). JA,
on the other hand, is engaged in activation of the MYC2 transcription factor, which trig-
gers expression of stress-responsive genes [62]. Furthermore, JA along with ROS acts as
a stress-signaling unit triggering the expression of genes involved in activation of enzy-
matic and non-enzymatic scavenging events [62,64]. The widespread plant response to
drought is proline accumulation due to the stimulation of its synthesis from glutamate
catalyzed by pyrroline-5-carboxylate synthetase (P5CS) and pyrolino-5-carboxylate re-
ductase (P5CR) [65,66]. Synthesis of this amino acid under drought is driven by both
ABA-dependent and ABA-independent signaling pathways engaged in triggering expres-
sion of P5CS and P5CR genes regulated by many TFs, which are also related to responses
to drought controlled by other growth regulators [67].

Important components of the stress-factor-induced regulatory system are epigenetic
modifications which are independent of DNA sequence changes. These changes include
chromatin remodeling such as DNA methylation and histone modifications altering the
structure and accessibility of chromatin, leading to changes in gene expression at the
transcriptional and post-transcriptional levels [68]. Drought-stress-induced changes in
DNA methylation have been observed in diverse plant species. These changes were
related to the expression of genes encoding transcription factors and were involved in
drought resistance mechanisms or were linked to drought sensitivity [69-71]. It was
found that changes in DNA methylation (demethylation) in water deficit stressed rice
were responsible for proline accumulation via the upregulation of proline metabolism-
related gene expression [72]. In addition to DNA methylation, drought-induced histone
modifications (methylation, acetylation) are involved in controlling gene expression in
stressed plants [73]. It was observed that drought stress triggered histone H3 lisyne4 tri-
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methylation (H3K4 me3) in the gene body region of nine cis-epoxycarotenoid dioxygenase
3 (NCED3), which is a key enzyme involved in ABA synthesis. Additionally, some studies
reported the increase in H3K4me3 and H3 lisyne9 acetylation (H3K9Ac) in the promotor
region of such genes as RD29A, RD29B, RD22, and RELATED TO AP2.4 (RAP2.4) encoding
synthesis of LEA proteins. The abundance of histone modification and the number of
genes expressed depend on stress duration and degree [70,73]. Most of the epigenetic
modifications are removed when the stress is relived, but some of them persist, enabling
plants to remember past stress and to prepare for future recurrent stress events which occur
during plant life. This is so-called “plant stress memory”, which can also be transferred
to further generations during sexual and vegetative reproduction [69,71,74]. Integral
components of the stress response at the molecular level also involved in memory pathways
are non-coding small RNAs (miRNAs, siRNAs), which can trigger DNA methylation and
histone modifications. Plants exposed to drought can memorize stress events through DNA
and histone modifications for specific gene expression thanks to up- and downregulation
of small RNAs responsible for the increased resistance to future stress events through the
control of TFs, ROS, and hormone levels [71,74].

4. Drought Coping Strategies and Resistance

The ability to avoid or tolerate dehydration is crucial in dealing with drought at
cellular and tissue levels (biological resistance), which allows plants to survive during water
scarcity conditions and recovery. The tolerance and avoidance mechanisms were developed
during evolution in order to adjust to environmental conditions but usually do not have
beneficial effects in agricultural production. Plants can withstand drought without any
visible signs of dehydration and/or dehydration damage, but their growth and yield may
be lower than expected. This is an unwanted side effect of plant adjustment to stress, which
has a negative impact on biomass accumulation and yield (agricultural resistance).

The activation of coping mechanisms is connected to increased energy and nutrient
consumption, which results in the allocation of less energy and assimilates to growth
processes, leading to yield reduction [15,75]. Furthermore, many traits associated with
drought resistance have a dual effect (positive or negative) on plant productivity which
depends on stress intensity and timing as well as on climatic conditions such as light
intensity and evaporative demand [76]. The dehydration avoidance strategy, such as
stomatal closure, reduces water loss from leaves. However, at the same time it causes
the restriction of CO, uptake, ROS generation, damage of PSII, and the inhibition of
photosynthesis, resulting in the reduction of crop production [12,41,77-79]. Moreover,
changes in the hormonal balance, which is a part of the coping strategy consisting of an
increase in the levels of ABA, JA, Et, and SA, and decrease in CKs, AUXs, and GAs, may
also bring about photosynthesis inhibition, growth restriction, leaf senescence acceleration,
and leaf fall, negatively affecting yield [32,34,80]. Therefore, there is a conflict between plant
coping strategies (avoidance, tolerance) and resistance to drought essential for agricultural
production. In the agricultural perspective, drought-resistant plants are those that maintain
growth and stable yield during water-limited conditions. The priority in breeding research
focusing on improving drought resistance is to obtain crop genotypes that can cope with
drought stress without growth and yield reduction. Therefore, the research on plant stress
physiology should concentrate on finding those features of coping strategies that ensure
growth maintenance and stable yield (Table 1).

Many genes and processes involved in plants” ability to cope and survive drought
(biological resistance) in experiments conducted under laboratory conditions have been
identified. However, the knowledge about their real function in the resistance to this stress,
based on well-defined agronomic criteria (agricultural resistance), is rather poor [11,22,81,82].
It is hard to show the involvement of a particular trait or adjustment to drought in main-
taining yield potential in a short-term experiment. The response to short-term drought
conditions in soil pot experiments (limited rhizosphere) did not reflect the response to long-
term water shortage in the field [83]. Drought resistance is the result of combined processes
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that happen on different timescales and have a long-term impact on plant performance
and yield. Short-term responses to drought include triggering physiological feedback
processes responsible for stabilizing plant water and carbon status, which are often not
correlated with the long-term effect. The favorable effects of these feedback strategies on
yield depend on the drought scenario as well as on scalability and phenotypic distances
between traits involved in particular coping strategies and those responsible for yield [28].
It is necessary to search for processes and adjustments that allow crops to continue to
grow under water-limited conditions and rapid recovery after stress termination without
yield reduction.

The source of traits valuable in developing new drought-resilient crop varieties may
be wild genotypes and landraces originating from rainfed areas [3]. Another promising ap-
proach is the introduction of new crop species able to cope under water-limited conditions
and maintain stable growth. An interesting species in this regard is quinoa (Chenopodium
quinoa Willd.), which originated in the Andean region. It has begun to be called ‘the 21st
century crop’, and recently it has been introduced into cultivation in many regions of
the world. Quinoa has received special attention due to its high nutritional composition
of seeds and strong natural ability to cope with drought [84,85]. There is wide diversity
among quinoa genotypes in the traits of drought coping strategy (biological resistance) and
resistance assessed based on the seed yields (agricultural resistance). The drought response
mechanisms in quinoa to 8endure water deficits include accelerated root growth, high
water-use efficiency (WUE), osmotic adjustment, turgor maintenance, increased synthesis
of osmoprotectants such as amino acid proline, and soluble sugars (glucose, trehalose),
ABA biosynthesis, antioxidant defense, heat-shock, and LEA protein synthesis [86]. Field
studies have shown no significant yield reduction in the Danish quinoa cultivar Titicaca
under water deficit conditions [84]. Soil pot experiments revealed that the capacity for
growth in a drought-prone environment in “Titicaca” was associated with the increase in
WUE due to higher ABA concentration and nutrient content [87]. Recent studies revealed
that drought resistance in quinoa var. Red Faro was due to elevated recovery capacities of
PSII and PSI photochemical activities after re-watering [88]. There are numerous studies
focused on molecular, biochemical, physiological, and morphological responses of varied
quinoa genotypes to drought both under laboratory and field conditions. The sequencing
of the quinoa genome creates the possibility of using new molecular tools to fully discover
regulatory mechanisms involved in drought resistance of various quinoa genotypes [86].

A promising drought resistance strategy for crops is the ability to optimize water use,
along with sustained high photosynthetic activity, which is an essential component of plant
productivity [89]. It may be achieved by triggering varied metabolic and physiological
responses of the dehydration avoidance strategy, which includes the modification of root
conductivity and architecture, regulation of stomatal behavior allowing the maintenance
of photosynthetic CO; fixation, as well as protection against non-stomatal photosynthesis
limitation [90-92]. Plants with greater WUE assimilate more carbon per unit of transpired
water. These plants are less susceptible to drought as they take less water from the soil
and may access this water later in the season when a lack of water has become a limiting
factor [79]. The improvement in WUE under water-limited conditions without trade-offs
in carbon assimilation was revealed in transgenic tomato with overexpression of the gene
encoding ABA biosynthesis enzyme (NCED3) as well as in Arabidopsis overexpressing ABA
receptors [38,93]. The effect of increased ABA levels in roots and leaves of drought-stressed
tomato lines was lower stomatal conductance and greater root conductivity [38]. However,
ABA signaling-mediated changes in Arabidopsis transgenic lines affected reduced stomatal
conductance, which was compensated by increased CO, gradients across stomata, allowing
maintenance of a CO, influx [93]. These findings in Arabidopsis are being considered
for translation to cereal crops to obtain drought-resistant genotypes through improving
WUE [94,95]. A suitable criterion to measure WUE is carbon isotope discrimination (A'3C),
which is used in breeding programs to select drought-resistant crop genotypes [76]. A
significant positive relationship between A'3C and yield was revealed in drought-stressed
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quinoa cultivars under field conditions [86,96]. However, Tardieu [76] considers that
A3C is a positive trait for yield under severe water deficit conditions but under mild to
medium drought the positive traits that optimize yield are high stomatal conductance and
growth maintenance.

Multiple biochemical and physiological changes that are components of drought
coping strategies were revealed to have a favorable effect on yield (Table 1). Lower yield
reduction under drought conditions was observed in a wheat cultivar that exhibited
osmotic adjustment resulting from the accumulation of soluble sugars and proline as well
as increased activity of enzymatic and non-enzymatic antioxidants. These changes allow for
the maintenance of high photosynthetic CO; fixation during drought and rapid recovery
after re-watering, which are responsible for the final productivity [97]. Barley genotypes that
yielded better under drought conditions exhibited increased expression of 34 genes which
are involved in stress signaling, carbon metabolism, control of stomatal closure, proline
synthesis, activation of the ROS scavenging system, and protective protein synthesis [82].
Elevated osmotic adjustment, increased expression of dehydrin genes, and a significant
increase in alpha-tocopherol, which plays an important protective role for PSII, along with
a higher photosynthetic rate, were observed in barley genotype, characterized by a smaller
decrease in the performance index under drought stress conditions [98]. A large body of
evidence has shown a beneficial role of proline in dealing with drought stress (biological
resistance). Proline, involved in osmotic adjustment, is a free radical scavenger and acts as a
compound that protects enzymes, proteins, and cell membranes against detrimental effects
of dehydration and oxidative stress ([66,99] and references therein). It also serves as a carbon
and nitrogen reserve after stress relief, and may act as a signaling molecule, able to activate
defense responses [100]. Therefore, rapid proline accumulation at the beginning of drought
stress may play an essential role in the dehydration avoidance strategy. Its increased
level may also protect plants from the detrimental effect of dehydration (dehydration
tolerance strategy), and it may be involved in the ability to recover after stress cessation.
However, the involvement of this amino acid in the resistance to drought, understood
as an adjustment without any negative effects on yield, is still not clear. The possible
beneficial effect of greater leaf proline accumulation under drought on agricultural resistance,
based on grain yield, was found in wheat [101]. Interesting results were obtained by
Frimpong et al. [102], who observed that introgression barley lines, harboring a pyrroline-
5-carboxylate synthase (P5cs1) allele, had markedly higher proline content in spikes and
leaves, compared with other genotypes. These lines also showed milder drought symptoms,
were able to maintain a high photosynthetic rate under drought, and achieved higher final
seed production. Moreover, the barley near-isogenic line NIL 143, characterized by higher
leaf and root proline content, showed less severe symptoms of drought, higher leaf water
content, better stomatal conductance and net CO; assimilation than other genotypes. This
barley line also exhibited increased lateral root growth, probably due to high proline
accumulation [103]. Considerable evidence obtained previously revealed that drought-
stress-induced expression of proline biosynthetic genes is regulated by TFs related to almost
all plant hormones [67].

One recently considered approach in attaining crop resistance to drought is focused on
better understanding of the role of plant growth regulators (PGRs) in the coping strategy
along with the mitigation of the negative effect of drought on productivity and yield.
PGRs play an important role in triggering, directly or through specific signal cascades,
a wide range of metabolic and physiological responses of plants to drought. Many of
these responses, which are components of the drought stress coping strategy, are the
result of positive or negative interactions between diverse PGRs [31,32,104]. Broadening
knowledge about the impact of drought on the fluctuation of the level of PGRs and about
the crosstalk between them in triggering appropriate responses seems to be essential in
identifying components of drought coping strategies, which permit undisturbed growth
and stable yield. The hormone that plays a key role in the plant response to drought is
ABA, commonly called a “stress hormone”. An increased level of this PGR in drought-

39



Plants 2022, 11, 922

stressed plants acts as a signal that regulates multiple responses at physiological and
biochemical levels [10,50]. It was suggested that the interaction between plant hormones
(ABA, AUXs, CKs, and ET) may play an important role in a diverse drought response of
sensitive and resistant wheat lines [105]. The resistant wheat line was able to maintain
growth and was characterized by lower yield reduction under drought. This line was
temporarily anisohydric and closed the stomata only at a higher level of drought which
correlated with the repression of ABA synthesis. At the same time, it had the ability to
activate defense responses (ROS protection, LEA proteins, and cuticle synthesis) and to
trigger expression of photosynthesis genes as well as genes involved in AUXs, CKs and
Et metabolism, and signaling. However, the drought-sensitive wheat line was isohydric,
had a higher ABA level, closed stomata at the start of stress and began photosynthesis
inhibition. Certain recently obtained results of research focused on crosstalk between
ABA, CKs, and BRs at physiological and molecular levels seem to be promising in finding
drought coping strategies that prevent yield reduction [27,33]. ABA increase and the
reduction in CK level under drought lead to a decrease in stomatal aperture and density,
as well as accelerated leaf senescence, along with photosynthesis inhibition [32,106]. The
manipulation of endogenous CK level and control of CK signaling pathway components
in transgenic rice were effective in restoration of stomatal conductivity, reduction in leaf
senescence, and amelioration of yield losses [32]. This transgenic rice also displayed
increased expression of BR-related genes and repression of JA-related genes [107]. It
was reported that BRs trigger the expression of various stress-related genes important in
the maintenance of photosynthetic activity, stimulation of the antioxidant system, and
accumulation of osmoprotectants [32,107,108]. Furthermore, overexpression of the BR
receptor (BRL3) leads to activation the synthesis of osmoprotectants (i.e., proline, trehalose,
sucrose) in roots and overcoming growth arrest as well as modulating the root hydrotropic
response during drought [27,37,104]. An interesting and promising mechanism leading
to drought resistance appears to be the involvement of BRs in the expression of cell wall
extension and release of enzymes, which lead to increased cell expansion [108]. The last
several years of research have shown that crosstalk between BRs and other hormones
is involved in the network of complex regulatory responses to drought, including stress
perception and signaling leading to activation of various coping strategies [109]. Master
regulators of abiotic stress responses whose expression is controlled by hormonal balance
and crosstalk are TFs [110]. Gaining knowledge about the pattern of appropriate hormonal
balance and crosstalk as well as identification of stress-responsive TFs and their role in
activation of the components of the drought coping strategy without yield mortality is a
powerful approach for achie