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Preface to “"Responses of Plants to Environmental
Stresses”

Plants are constantly exposed to unfavorable environmental conditions, which play a major role
in determining the productivity of crops worldwide. Abiotic factors also determine the geographical
distribution of plant species across Earth’s different zones. Among the abiotic stresses with which
plants must cope, we distinguish: water availability, extreme temperatures, nutrient deficiency, excess
light, heavy metals, and salinity. The plant’s success depends on the adaptation and acclimation
mechanisms, which are directly or indirectly related to photosynthesis as well as growth and
development processes.

The plant response to environmental stresses involves multiple processes, which include
complex mechanisms on all organismal levels: whole-plant, physiological, cellular, biochemical, and
molecular. The abiotic stress response activates multidirectional interactions and crosstalk between
these levels. One of the greatest challenges in modern plant biology is identifying these complex
interactions underlying abiotic stress responses using all available tools (e.g., genetic engineering
and bioinformatics) and experimental approaches (e.g., physiological, biochemical, molecular, and
omics studies).

Today, a large amount of new information is available in the dynamic and expanding field of
knowledge on plants’ environmental stress responses. The data provided in this book fill a large
gap in our understanding of these processes and integrate a large part of the scientific knowledge
spectrum of plants’ abiotic-stress-related mechanisms.

The present book encompasses 15 articles: 1 review, 1 brief report and communication, as well as
13 original papers. Together, they demonstrate the complexity of the plant response to environmental
factors, which engages different mechanisms on all organism levels. All original reports provide
a methodological approaches for studying the plant stress response. Research was conducted on
different species, including model plant Arabidopsis, crops (i.e., crabapple, bottle gourd, cotton, wheat,
moso bamboo, rice, barley, eggplant, and ramie), ornamental plants (Portulaca ad Dendrobium),
as well as species growing in severe conditions (Elymus sibiericus and Colobanthus quitensis). Eleven
articles present information concerning changes in physiological parameters in plants exposed to
heat, drought, salinity, or nitrogen, and CO, deficiency. The emphasis is placed, amongst others,
on phenotypic, biochemical, and molecular traits, such as: photosynthetic activity and chlorophyll
fluorescence (Wang et al.; Gomez-Espinoza et al.), root system architecture (Rafael et al.), rhizome
integration (Jing et al.), antioxidants activity (Borsai et al.; Toth et al.; Huang et al.; Lei et al.), cellulose
fiber quality (Ayele et al.), stress responsive gene expression (Huang et al.), proteomic analyses
(Lei et al.; Yoo et al.), and secondary metabolites (Faralli et al.). Three articles describe genome-wide
approaches, which provide a holistic overview of the adaptation/acclimation molecular mechanisms
of plant growing under different stress conditions. These papers include studies on ATP-binding
cassette transporters (Zhang et al.), heat shock factors (Wang et al.), and expression of nitrogen-related
genes (Tan et al.). In addition, the review by Li et al. provides a comprehensive information on the
WKRY gene family, which includes the plant-specific transcription factors playing a important roles
in different abiotic stress-response pathways.

We think that this book will inspire further studies by researchers worldwide, which will help us
to understand the mechanisms of plants” environmental stress responses and allow the application

of this knowledge to practical use. We would like to express our gratitude to all authors, reviewers,



and contributors for their support and creation of this book. 1 be answered in this Special Issue that

focuses on one of the most studied and relevant food-associated mycotoxins.

Renata Szymarnska
Editor
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Abstract: The evaluation of root system architecture (RSA) development and the physiological
responses of crop plants grown under water-limited conditions are of great importance. The purpose
of this study was to examine the short-term variation of the morphological and physiological plasticity
of Lagenaria siceraria genotypes under water deficit, evaluating the changes in the relationship between
the root system architecture and leaf physiological responses. Bottle gourd genotypes were grown
in rhizoboxes under well-watered and water deficit conditions. Significant genotype-water regime
interactions were observed for several RSA traits and physiological parameters. Biplot analyses
confirmed that the drought-tolerant genotypes (BG-48 and GC) showed a high net CO, assimilation
rate, stomatal conductance, transpiration rates with a smaller length, and a reduced root length
density of second-order lateral roots, whereas the genotypes BG-67 and Osorno were identified as
drought-sensitive and showed greater values for average root length and the density of second-order
lateral roots. Consequently, a reduced length and density of lateral roots in bottle gourd should
constitute a response to water deficit. The root traits studied here can be used to evaluate bottle gourd
performance under novel water management strategies and as criteria for breeding selection.

Keywords: rhizoboxes; gaseous exchange; sub-Saharan Africa; root length density

1. Introduction

Drought is widely recognized as one of the most significant agricultural constraints in many regions
worldwide, accounting for more than 80% of crop damage and losses [1]. In Mediterranean regions,
for instance, the increase in annual average temperatures and the lower-than-average precipitation
affect food production and sustainability in various agricultural systems [2]. In the context of climate
change, it is highly probable that drought stress intensity will increase in the future as a result of
more variable and unpredictable precipitation patterns. In the Mediterranean-like climate of central
Chile, which is the main region for fruit and vegetable production in Chile, this phenomenon could
potentially induce economic losses in agricultural systems. In fact, a recent study has indicated that

Plants 2020, 9, 1697; doi:10.3390/plants9121697 1 www.mdpi.com/journal/plants
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Central Chile will likely experience detrimental effects on water availability and vegetation changes
that will have social and economic impacts [3].

Chile is one of the major contributors to fruit and vegetable production in South America.
In addition, Central Chile plays an important role and has positioned itself as a leading exporter of
diverse agricultural products. Vegetable crop production in this region is dominated by small-scale
farmers whose lands are vulnerable to climate change [4,5]. The increasing probability of drought
occurrences coupled with the increasing demand for food for the growing human population indicate
the need to develop crop management strategies that improve water-use efficiency and productivity
and increase crop yield outputs, especially under water-restricted agricultural systems [6].

Drought tolerance in plants is associated with the modification of various morphological and
physiological responses. These responses improve the adaptation and production of crops grown
under water-limited conditions. The most common physiological parameters associated with drought
tolerance in the short-term include enhanced net CO, assimilation by the control of stomatal conductance
and reduced transpiration rates for water conservation [7]. The maintenance of these physiological
responses is widely associated with sustainable crop production in water-stressed environments [8].
Among the various plant organs, root development/morphology plays an important role associated
with water-extraction from the soil profile, especially when water is limited [9,10]. The root system has
great potential for improving plant adaptation and production under drought stress conditions [10-12].
In this context, Lynch [6] proposed that reduced root development would be advantageous for drought
resistance in high-input agroecosystems. Root traits that improve water capture include fewer axial
roots, a reduced density of lateral roots, and a greater loss of roots that do not contribute to water
capture [6].

Several studies have reported a significant correlation between root and shoot traits, suggesting a
coordinated strategy between below- and above-ground plant organs in response to water deficit [10,13].
These findings have enabled the selection of both root and shoot traits to improve drought tolerance and
increase yield potential in several plant species, such as common bean [14], tomato [15], and quercus [16].
Moreover, Hund et al. [17] found that tolerant maize genotypes developed longer crown roots,
which increased transpiration, stomatal conductance, and relative water content. Another study,
also involving maize cultivars, supported the assumption that water stress reduces the production
of crown roots, and lines with fewer crown roots had substantially deeper rooting and a greater
capture rate of subsoil water and, consequently, improved the plant water status, stomatal conductance,
leaf and canopy photosynthesis, biomass, and seed yield [18]. These results indicate that both root and
physiological traits confer drought adaptation and should be useful for screening and selection for
breeding purposes.

Bottle gourd (Lagenaria siceraria (Mol. Standl)) is an important cucurbit crop that is often grown
under rainfed conditions in arid and semi-arid ecosystems. In semi-arid regions of sub-Saharan Africa,
for instance, genetically diverse landraces of bottle gourd are commonly cultivated by local farmers in
water-restricted conditions, yielding reasonable fruit production as a consequence of several years
of selection and cultivation [8,19]. In this sense, the investigation of wild species or landraces from
different gene pools could be useful to identify the morpho-physiological traits related to drought
tolerance [20]. In addition, in genotypes of South African bottle gourd, Mashilo et al. [8] found
that enhanced instantaneous water-use and intrinsic water-use efficiencies linked to high net CO,
assimilation (An), stomatal conductance (gs), and transpiration (E) rates were significantly associated
with drought tolerance. In the present study, we hypothesized that, in the initial development of bottle
gourd, enhanced physiological performance could be associated with changes in root phenes due
to water reduction. In fact, there is a lack of information regarding the relationships that may exist
between root system architecture (RSA) traits and physiological responses in bottle gourd. In light
of this, the objective of this study was to examine the short-term variation of the morphological and
physiological plasticity of Lagenaria siceraria genotypes under water deficit, evaluating the changes in
the relationship between the root system architecture and leaf physiological responses.
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2. Results

2.1. Differences in Water Consumption of Bottle Gourd Genotypes

The plot of the normalized transpiration of bottle gourd genotypes against the fraction of

transpirable soil water (FTSW) is shown in Figure 1. In most of the genotypes, except for BG-48
(Figure 1E), a relatively high FTSW was observed with normalized transpiration (NTR) values of ~1.
Illapel and BG-67 decreased the FTSW below a critical threshold value, and there was a marked linear
decrease in NTR in response to further declines in FTSW. Segmented regression indicated that the
threshold value for transpiration occurred at an FTSW that ranged from 0.80 (+0.1) for Chepica to an
FTSW of 0.37 (+0.03) for BG-67 (Figure 1, Table 1). Osorno, Chepica, Aurora, and BG-48 genotypes
showed high FTSW threshold values of 0.77, 0.80, 0.76, and 0.82, respectively, compared with the
relatively low FTSW threshold values recorded for Illapel (0.47) and BG-67 (0.37).
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1.0 1.0 1.0
09 0.94 0.9
0.8 0.84 0.84
o7 or 0.74 o 0.7
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04 0.4+ 0.4+
03 0.34 0.3
02 021 o | 92]
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1 ? D Aurora - }12 1E BG 48 1 f 1F BG 67 ®2 5
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decreasing FTSW. The genotypes are named on every figure.

Figure 1. Normalized transpiration (NTR) response to fractions of transpirable soil water (FTSW) of
seven genotypes of bottle gourd. Segmented regression indicated a threshold FTSW value above which
there was a linear plateau of ~1.0 and below which there was a linear decline of NTR in response to
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Table 1. Comparison of fractions of transpirable soil water threshold (FTSW;) values of seven genotypes
of bottle gourd.

Genotype FTSW; S.E *
BG-48 0.824 0.08 a
Chepica 0.800 0.02 b
Osorno 0.777 0.10 c
Aurora 0.760 0.04 c
GC 0.696 0.10 d
Tllapel 0.474 0.02 e
BG-67 0.368 0.03 f

S.E: standard error; * lowercase letters compare FTSWt between genotypes (Tukey test, p < 0.05).

2.2. Analysis of Variance and Mean Comparison for Physiological Parameters, Biomass, and Root System
Architecture Traits

An analysis of variance (ANOVA) showed a highly significant (p < 0.001) effect of the genotype-water
regime interaction for only stomatal conductance (gs), transpiration rate (E), and intrinsic water-use
efficiency (WUEI) (Table 2). In most of the tested bottle gourd genotypes, the contrasting means in the
comparison of the physiological traits under both water regimes showed that water deficit significantly
reduced all traits (Tables 52-54). In addition, BG-48 and GC genotypes showed significant differences
between well-watered (WW) and water deficit (WD) treatments for stomatal conductance (gs) and
transpiration rate (E) (Tables S2 and S3). On the other hand, for WUE], the same genotypes showed an
increment under the WD condition, whereas non-significant differences were observed for WUEins
(Tables S4 and S5). For the same physiological traits, other genotypes showed a reduction in WUEi
under the WD condition (Table S4). For RSA parameters, the genotype-water regime interaction effect
was non-significant for the average root length of tap and basal roots (ARL), root angle of the first-order
lateral of the tap and basal roots (ARA), and root length density of the lateral of the tap and basal
roots (RLD). However, RSA traits measured in first-order and second-order lateral tap and basal
roots—ARL;, ARLy, ARA,, and RLDy;—were influenced by the genotype-water regime interaction
(Table 2). BG-48 showed a significant reduction in the length of lateral roots (i.e., ARL; and ARL;)
and a reduced density of lateral roots. Contrastingly, GC also showed a significant increment for both
the length and density of lateral roots. Non-significant differences were observed for the genotypes
Osorno, Chepica, and BG-67 for the same RSA traits (Table 3).

Table 2. Results of analysis of variance for physiological parameters and root system architecture traits
evaluated in seven bottle gourd genotypes under well-watered and water deficit conditions.

Source of Variation Significance (Physiological Traits)
An gs E Ci WUEi WUEins WUEwp  Biomass
Genotype (G) > > > ns ns ns ns ns
Water regime (W) ** > > ns ns ns x> >
G'W ns ** ** ns ** ns ns ns
CV (%) 35.8 60.7 405 18.0 34.1 30.7 154 75
Significance (root system architecture traits)
RLD, ARL ARA RLD;; ARL, ARA ARL, ARA,
Genotype (G) ** ** ** ns ns ** ns ns
Water regime (W) ns ns ns ns ns . ns ns
G*W ns ns o o P ns P o
CV (%) 16.2 16.2 53 14.9 14.9 72 19.8 75

CV (%): coefficient of variation in percentage; net CO, assimilation rate (An), stomatal conductance (gs), transpiration
rate (E), intercellular CO, concentration (Ci), intrinsic water-use efficiency (WUEI), instantaneous water-use efficiency
(WUEins), and whole plant water-use efficiency (WUEwp); average root length of tap and basal roots (ARL),
root length of the first-order lateral of the tap and basal roots (ARL;), and root length of the second-order lateral of
the tap and basal roots (ARL,); average root angle for the tap and basal roots (ARA), root angle of the first-order
lateral of the tap and basal roots (ARA;), root angle of the second-order lateral of the tap and basal roots (ARA;),
root length density of tap and basal roots (RLD), and root length density of the first-order lateral of the tap and basal
roots (RLDy,). ns, non-significant; **, significant at 1% probability by the F-test, respectively.
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Table 3. Results of orthogonal contrasting tests for the difference in mean values between water deficit
(WD) and well-watered (WW) conditions for the average root length of the first-order and second-order
of the lateral of tap and basal roots (ARL; and ARLy), the average root angle of the second-order of the
lateral of tap and basal roots (ARA;), and the root length density of the lateral tap and basal roots (RLDy 7).

Genotype ARL; (cm) ARL; (cm) RLDp; (cm/cm?3) ARA; (°)
Osorno -279ns 0.07 ** —0.01 ns 191 ns
Chepica 86.3 ns 2.5ns 0.02 ns 3.04ns

Tllapel 2.85ns —-0.27 ns Ons —0.43 ns
Aurora —62.5 ns —4.83 ns —0.01 ns 5.86*
BG-48 441 % —7.92 *** 0.01* 111+
BG-67 404 ns -3.84ns 0.01 ns —-1.06 ns
GC —47.3 ** 7.7 ns -0.01* —-0.01 ns

ns: non-significant; * significant at 5%; ** significant at 1%; *** significant at 0.1%.

2.3. Correlations between Physiological and Root System Architecture Traits under Well-Watered and Water
Deficit Conditions

Pearson correlation coefficients between physiological and RSA traits among the evaluated bottle
gourd landraces under WW and WD conditions are presented in Figure 2. Negative and significant
associations were observed for several physiological and RSA traits and biomass production under water
deficit conditions. The net CO, assimilation (An), stomatal conductance (gs), and transpiration rate (E)
were negatively and significantly correlated with ARL,, ARA;, and biomass. On the other hand, Ci values
were positively and significantly correlated with ARL,, ARA,, and biomass, but negatively correlated
with leaf gas exchange parameters (An, gs, and E). Intrinsic and instantaneous water use-efficiencies were
negatively and significantly correlated with ARL,, whereas WUEwp was negatively and significantly
correlated with ARA;, but positively correlated with ARL; and RLDy ;.
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Figure 2. Pearson correlation coefficients among physiological and root system architecture (RSA) traits
assessed in genotypes of bottle gourd in water deficit (A) and well-watered (B) conditions. Net CO,
assimilation rate (An); stomatal conductance (gs); intercellular CO, concentration (Ci); transpiration
rate (E); instantaneous water-use efficiency (WUEins); intrinsic water-use efficiency (WUE]); and whole
plant water use efficiency (WUEwp). Average root length of the first-order lateral of the tap and
basal roots (ARL;) and second-order lateral of the tap and basal roots (ARL;); average root angle of
the first-order lateral of the tap and basal roots (ARA;) and second-order lateral of the tap and basal
roots (ARA;); and root length density of the first-order lateral of the tap and basal roots (RLDy ;).
Positive correlations are displayed in blue and negative correlations in red. The color intensity and the
size of the circle are proportional to the correlation coefficients. On the right side of the correlogram,
the color legend shows the correlation coefficients and the corresponding colors.

Under the WW condition, biomass was negatively correlated with some RSA traits (ARA; and
ARL,) and positively correlated with WUEwp. ARA; was negatively and significantly correlated with
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gs and E and positively correlated with WUEi and WUEins. WUEins and WUEi were both negatively
correlated with gs, E, and Ci. Furthermore, WUEwp was negatively correlated with RSA traits (ARL,
ARA;, and ARL,) (Figure 2).

2.4. Principal Component Analysis for the Differentiation of Drought-Tolerant and Sensitive Bottle Gourd Genotypes

Principal component analyses of physiological and RSA parameters measured under water
deficit and well-watered conditions are presented in Table 4. Under the WD condition, the total
variability of the three-dimensional space was efficiently summarized by the two principal components,
which accounted for 51% and 26% of the variability, respectively. The first component consisted of
high positive loadings for leaf gas exchange parameters as well as An, gs, E, WUEi, and WUEins
and negative loadings for some RSA traits (ARA;, ARA,, and ARL;), biomass, and Ci. In contrast,
the second component consisted of high positive and negative loadings of root traits such as RLDy ;,
ARL;, ARA;, ARLy, and ARA;. Under the WW condition, the first component consisted of negative
loadings of RSA traits and biomass, while the leaf gas exchange parameters consisted of positive
loadings (An, gs, E, and Ci) that accounted for 43% of the total variation. On the other hand, the second
component consisted of negative loadings for most of the leaf gas exchange parameters (An, gs, E,
and Ci) and root traits (RLDy 1, ARL;, ARA,, and ARL;), which accounted for 29% of the total variation.

Table 4. Principal component analysis showing eigenvectors, eigenvalues, and percentage of variance
of physiological and root system architecture traits of seven bottle gourd genotypes under water deficit
and well-watered conditions.

Traits Water Deficit (Eigenvectors) Well-Watered (Eigenvectors)

PC1 PC2 PC3 PC1 PC2 PC3

RLDp; 0.09 —-0.42 0.38 -0.25 —0.32 -0.21
ARL; 0.09 —0.42 0.38 -0.24 -0.33 -0.22

ARA, -0.02 0.53 0.12 -0.19 -0.44 0.09

ARL, -0.17 —-0.19 0.40 —-0.07 -0.37 0.37

ARA; -0.22 0.19 0.52 —-0.38 0.03 0.28

An 0.39 0.08 0.05 0.16 -0.10 0.56

gs 0.38 0.02 —0.04 0.37 —0.08 0.27

E 0.39 -0.03 -0.01 0.35 -0.12 0.29
Ci —0.36 —-0.12 —-0.19 0.37 —0.09 -0.26

WUEI 0.35 0.11 0.20 —0.40 0.14 0.11
WUEwp 0.01 —0.46 -0.24 —0.01 0.48 0.11
WUEins 0.36 0.13 0.17 -0.33 0.14 0.33
Biomass -0.27 0.17 0.31 -0.06 0.38 0.03
Eigenvalues 2.56 1.86 135 2.36 1.92 1.57
Proportion of total variance (%) 0.50 0.26 0.14 043 0.29 0.19
Cumulative variance (%) 0.50 0.76 091 0.43 0.72 0.91

A principal component biplot (PC1 and PC2) was used to visualize the relationships between
bottle gourd genotypes based on physiological and RSA parameters (Figure 3). In this biplot,
smaller angles with the same direction among the vectors represented the most informative and
correlated physiological and/or root traits, identifying groups of genotypes based on the assessed traits.
The genotypes that were closed or in the same direction as the vectors were plotted as associated with
an increase or reduction of these traits. Under the WW condition, genotypes Aurora and BG-48 were
grouped with high values of ARA;, ARL;, ARL,, and RLDy ;. Osorno and Illapel were differentiated
by high values of WUEwp. On the other hand, reduced values of the leaf gas exchange parameters of
An, gs, E, and Ci were associated with BG-67 and GC. Under the WD condition, Aurora was grouped
with high values of ARA;. Osorno, Illapel, and BG-67 were grouped as expressing high ARA,, ARL,,
and Ci. On the contrary, BG-48 was differentiated by high An, gs, E, WUEins, and WUEi values and a
reduction in the length and density of lateral roots (ARL;, ARL;, and RLDy ). GC possessed high Ci,
gs, and E (Figure 3).
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2.5. Morphological and Physiological Plasticity

Among the seven bottle gourd genotypes, significant differences were observed in the relative
distance plasticity index (RDPI) in physiological and morphological traits (biomass and RSA)
(Figures 4 and 5). In general, low plasticity was observed for physiological and morphological
traits. No significant differences were observed among genotypes for RDPI in Ci, WUEi, and WUEins.
GC and Illapel showed higher RDPI values for leaf gas exchange (Gs and E) than Osorno and Chepica.
Furthermore, GC and BG-48 showed higher RDPI values for biomass when compared with the other
five genotypes (Figure 4). Regarding the root morphological traits, no significant differences were
observed among genotypes for RDPI in ARL and RLD;. BG-48 showed higher plasticity for the
second-order lateral of the tap and basal roots (ARA; and ARL,) and the root length density of the
first-order lateral of the tap and basal roots when compared with the other six genotypes (Figure 5).
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3. Discussion

When studying plant responses to water deficit, several morphological and physiological traits
have been evaluated and reported [20,21]. Such a large dataset of numbers and variables makes it
difficult to form an overall idea of how water deficit affects plants and how plants respond to such
a limiting condition [22]. The approach of the relative distance plasticity index used here has been
used to study plant adaptations under different conditions or environments and to evaluate growth
responses under stressful conditions [22-24]. Our results for the RDPI showed that most of the traits
studied showed some level of plasticity in response to water reduction, even though the plasticity
presented here was relatively low (RDPI < 0.5); in addition, there was also some evidence that not
all traits that contributed significantly and highly to variation presented higher plasticity indices in
response to water reduction.

In the present study, the root morphological and physiological plasticity of drought-related
traits and the negative correlation between leaf gas exchange parameters with lateral tap and basal
roots allowed us to characterize the response to water reduction of bottle gourd. In different plant
species, previous studies have also reported traits that were responsible for plastic responses with
the aim of obtaining an integrative index related to the sensitivity to drought stress of various
genotypes [16,22,24,25]. For instance, in our study, high variability and a genotype-dependent relative
plasticity index were observed between bottle gourd genotypes; in particular, the Osorno genotype
showed the lowest physiological and morphological plasticity index, whereas Illapel and BG-48 showed
higher physiological and morphological plasticity indices, respectively. Furthermore, these results
confirmed that, in some bottle gourd genotypes, the leaf gas exchange parameters were positively
influenced by drought stress [8,26] and, consequently, could be used as drought-related traits. On the
other hand, this study also shows that conclusions regarding the response of bottle gourd to water
reduction are a result of different strategies associated with root morphological drought-related traits.

Plant responses, soil water availability, and the water uptake capacity from shallow or deep soils
have been widely studied as important key factors to assess the tolerance degree to water deficit of
different plant species [27-29]. In general, two strategies have been described to explain the behavior
of plants to face water deficit: a “productive” strategy, which attempts to maintain open stomata,
assuming water losses, but increasing net CO, assimilation to yield biomass; and a “conservative”
strategy, which ensures water conservation in the soil and promotes early stomatal closure in response
to water deficit [30]. In this study, we found a variability in the FTSW threshold between South African
and Chilean genotypes, highlighting BG-48, Chépica, Osorno, Aurora, and GC genotypes as exhibiting
“conservative” behavior, while Illapel and BG-67 showed “productive” behavior.

Some physiological traits (An, Gs, and E) revealed that Chepica and Osorno were more sensitive to
water deficit than GC and Illapel. Specifically, Osorno, BG-67, and Chepica showed a severe reduction
of some leaf gas exchange parameters (mean values of stomatal conductance, photosynthetic rate,
and transpiration) as a result of water stress when compared with BG-48 and GC. BG-67 and Osorno
genotypes recorded reductions of 91% and 84% in photosynthetic rates, 88% and 84% reductions in
stomatal conductance, and 84% and 81% reductions in transpiration, respectively. Similarly, a reduction
in stomatal conductance and the CO, assimilation rate under water deficit has been reported in
different plant species including watermelon [31], squash [32], and quercus [29]. In previous studies
based on the physiological performance of L. siceraria, Mashilo et al. [8] classified BG-48 and GC as
drought-tolerant genotypes. Our study also revealed contrasting abilities to tolerate water stress,
where bottle gourd genotypes that originated from arid and semi-arid environments (i.e., BG-48 and GC)
showed better tolerance compared with Chilean genotypes grown in temperate or cold environments
(i.e., Osorno and Chepica).

The BG-48 and GC genotypes, which are tolerant to water deficit [8], recorded a decreased
intercellular CO, concentration due to water stress, although this tendency was not significant (Table S6).
These findings may confirm that, under water deficit conditions, the stomatal closure reduces the
internal CO, concentration of the leaf, as proposed by Cornic [33], Zhang et al. [34], and Flexas et al. [35].
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However, there are contradicting reports on the mechanism responsible for stomatal closure. Some studies
endorse the view that chemical signals are responsible for stomatal closure, while others support the
idea that hydraulic signals are responsible [7]. This report probably supported the contrasting results
previously reported for bottle gourd by Mashilo et al. [8], which revealed that drought-stressed genotypes
(BG-48 and GC) showed an increased intercellular CO, concentration irrespective of reduced stomatal
conductance, photosynthetic, and transpiration rates. Although similar results that reported increased
CO, concentration were observed under water stress in cowpea [36], maize [37], and wheat [38],
we suggest that more research is necessary on stomatal closure as a response to water deficit in
bottle gourd.

Regarding the morphological plasticity indices, BG-48 and GC genotypes presented higher
plasticity than the other five genotypes, which was based on ARL;, ARL;, ARA,, RLDy 1, and biomass.
As BG-48 and GC genotypes presented a greater biomass than the other five genotypes, we may argue
that the secondary growth and ability to maintain or increase root length and the density of lateral
tap and basal roots under water deficit may be related to the good growth and yield performance of
bottle gourd under drought conditions. It is important to note that ARL, and ARA; showed relatively
moderate plasticity in comparison with the other RDPIs. In addition, under the water deficit condition,
BG-48 had specific phene states as the reduced length (ARL; and ARL;) and density of lateral tap
and basal roots (RLDy;) permit greater resource allocation to deeper roots. In cassava and maize,
some authors noted that genotypes with high yield potential under drought are characterized by
having a more intensive and extensive fine root system, which enables the acquisition of more water
from larger and deeper volumes of soil [24,39,40]. In fact, Lynch [6], in a revision of root phenotypes
for drought resistance, proposed that specific root phenes such as fewer axial roots and a reduced
density of lateral roots may contribute to improving water capture in dry topsoil.

In addition to the morpho-physiological plasticity index, principal component analysis was
conducted to discriminate tolerant and susceptible bottle gourd genotypes based on their physiological
and RSA traits. In particular, the PCA was able to reduce and group physiological and root
morphological traits into components according to their ability to describe the variability among bottle
gourd genotypes under the water deficit condition. Plotting the bottle gourd genotypes by means of
their component scores, PC1 separated BG-48 with positive values of An, gs, E, WUEins, and WUEi
and a reduction in the length and density of lateral roots (ARL;, ARL;, and RLDy ;). This finding
indicated that water reduction led to fewer axial roots and a reduced density of lateral roots, which may
contribute to improving water capture in dry topsoil. On the other hand, the genotype BG-67 showed a
reduction in leaf gas exchange parameters with some increment in the length of lateral roots, which may
be considered another strategy associated with “productive” behavior.

4. Material and Methods

4.1. Plant Material

The plant material used in this study consisted of seven bottle gourd genotypes. Three were
commercial varieties sourced from the Limpopo Department of Agriculture and Rural Development
(Towoomba Research Station) of South Africa, one was a commercial variety from Chile, and the rest
were accessions collected from three regions of Chile. Breeding varieties from South Africa were
identified with a high level of drought tolerance and cultivated under dryland conditions with limited
agricultural inputs (i.e., fertilization and irrigation) [8]. Details of the bottle gourd genotypes are shown
in Table S7.

4.2. Experimental Design and Growing Conditions

Bottle gourd seeds were sterilized by immersion in 2% (v/v) sodium hypochlorite in water for
10 min, rinsed twice with deionized water for 10 min, and germinated for 5-7 seven days at 20-25 °C
in7cm X7 cm x 8 cm (0.23 L) pots with peat and sand substrate in an equal ratio of 1:1. Plants with
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the first fully expanded true leaf and with an absence of damage or disease were considered as
criteria for transplantation to the rhizobox. For root system architecture phenotyping, experiments
were conducted in rhizoboxes (length x width x height = 60 x 2 x 40 cm), which were boxes with
transparent plexiglass plates and covered by a non-transparent plastic box on the outside (Figure 6).
Rhizoboxes were inclined by 45° to the horizontal plane with the plexiglass plate on the underside,
so that roots could grow along the surface (Figure 6B). Each rhizobox was filled with ~2 kg of substrate
(1:1 peat/sand v/v). Fertilizer was not applied during the entire experiment to avoid a confusion of the
applied stress.

40 ¢m

Figure 6. Rhizobox structure and dimensions used to evaluate root system architecture traits (A); angle
and position of rhizobox in the field experiment (B); rhizobox (2) placed horizontally on a black surface
(3) at a distance of ~134 cm from the digital camera (1) to avoid the effect of light (4) (C).

Bottle gourd plants were grown under field conditions, where the average air temperature was
23.8 + 2.7 °C with a relative humidity of 54% and solar radiation level of 27 Mj/m?. The experiment
was conducted in the 2019-2020 growing season in the field condition using a shade net cover
(Raschel sun-shading net with 50% light transmittance). A completely randomized design with a
7 x 2 factorial arrangement and three replicates was used. Factors consisted of seven bottle gourd
genotypes and two water regimes (well-watered and water deficit conditions).

4.3. Water Deficit Treatment, Fractions of Transpirable Soil Water, and Transpiration Rate

Twenty days after sprouting, the plants of each genotype were transplanted to the rhizobox. At this
time, plants were subjected to two water availability irrigation conditions: well-watered (WW) and
water deficit (WD). Plants under the WW condition were irrigated three times per week, adding water
to reach the corresponding 100% of the substrate water content of each rhizobox during the period of
the experiment (28 days). In contrast, the WD condition was induced by suspending the irrigation
supply for 28 days, followed by weighting each rhizobox three times per week to determine the amount
of water consumed by each plant for the assessed genotypes. The fraction of transpirable soil water
(FTSW) relative to well-watered treatments, which represented the portion of remaining volumetric
soil water available for transpiration on each day of the experiment, was used as the indicator of
stress [41]. The FTSW for each day of the experiment was calculated using Equation (1):

FTSW = [Pot weight day n — Final pot weight]/[Initial pot weight — Final pot weight] 1)

The normalized transpiration rates (NTRs) of WW and WD plants were determined by dividing
the daily transpiration rate (gravimetrically) of each replication in each treatment of WD plants by
the transpiration rate of WW plants. The NTR and FTSW were calculated for each rhizobox in the
WD treatment using rhizobox weights recorded three times per week. For plants growing under the
WD condition, the NTR of each bottle gourd genotype was plotted against the FTSW by fitting a
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segmented non-linear regression to determine the FTSW threshold value at which the NTR began to
decline. The non-linear regression was fitted using R 4.0 [R Core Development Team, 2020].

4.4. Physiological Parameters and Biomass Production

Gas exchange parameters including the stomatal conductance (gs), transpiration rate (E),
intercellular CO, concentration (Ci), and net CO, assimilation rate (An) were measured once per week
for four weeks using a CIRAS-2 portable IRGA photosynthesis system (PPSystem, Hitchin, UK) with a
controlled environment CIRAS PLC cuvette (broad windows 2.5 cm?). The CO, concentration and
photosynthetically active radiation inside the cuvette were adjusted to 400 pmol mol~! and 1500 pmol
m~2 571, respectively. The measurements were all carried out between 09:00 and 14:00 on clear days on
the fifth and fully-expanded leaves of the plants. Intrinsic water-use efficiency (WUEi) was calculated
as the ratio between An and gs, and instantaneous water-use efficiency (WUEins) as the ratio between
An and E. To calculate the whole-plant water-use efficiency (WUEwp), three plants per genotype and
water treatments were harvested at the end of the experiment. Leaves, shoots, and roots for each plant
were separated and dried in an oven at 60 °C to obtain dry weights. The total biomass increase during
the experiment was estimated as the difference between the whole-plant dry weights at the beginning
and end of the experiment. Plant water consumed over the four-week period was estimated from the
sum of the daily water consumption. WUEwp was determined according to Medrano et al. [42] using
Equation (2):

(dry weight of final biomass — dry weight of initial biomass)

WUEWp(gL’l) = )

total water consumed

Finally, to determine the dry-mass (biomass) of each genotype in WD and WW conditions,
the stem and roots were put in an oven for a minimum of 48 h at 70 °C, and then the mass in grams
was measured.

4.5. Root Parameters and Image Processing

To characterize the root system architecture (RSA) of plants grown under WW and WD conditions,
the rhizoboxes were photographed once per week with a high-resolution Nikon digital camera
(Nikon D3500) fitted with a Nikkor AF-P 18-55 mm 1:3.5-5.6 G lens. For standard imaging, the focus
of the camera was placed vertically, which was also done to avoid the effect of light on the acrylic of
the rhizoboxes. The rhizoboxes were placed horizontally on a black surface at a distance of ~134 cm
from the camera to obtain the best focus of fine roots (Figure 6C). The focus of the camera was adjusted
manually and remained fixed for all images of the rhizoboxes.

The CI-690 RootSnap was used to measure the root traits, and the RSA traits or root classes
based on the site of origin were classified as proposed by Zobel and Waiser [43]. In our study, the tap
and basal roots were used to calculate the average root length (ARL) and average root angle (ARA).
Furthermore, the RSA was classified and measured as the average root length of the first-(ARL;) and
second-order (ARL;) lateral tap and basal roots and the average root angle of the first-(ARA;) and
second-order (ARA») lateral tap and basal roots.

Other RSA parameters, including root length density (RLD), which was expressed as the total
length of root per unit of volume of soil (RLDy ), were calculated according to Johnson et al. [44] using
Equation (3):

RLDy, = L/(A x D) 3)

where

- RLDy: root length density, based on the length of roots (cm root cm? soil);
- L:total length of root observed under the rhizobox (cm);

- A:framework area observed in the rhizobox (60 X 40 = 2400 cm?);

- D:depth of the rhizobox (2 cm).
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Two measurements of RLDj, were calculated as the RLD of tap and basal roots (RLDy)) and the
first-order lateral tap and basal roots (RLDy ).

4.6. Morphological and Physiological Plasticity Index

The relative distance plasticity index (RDPI) was calculated for morphological and physiological
traits following Valladares et al. [23] and Marchiori et al. [22]. The data obtained at 28 days after
transplanting were used to calculate the morphological and physiological plasticity, which indicated the
relative phenotypic distance between individuals of the same genotype exposed to different treatments
(WW and WD). Briefly, for each bottle gourd genotype, a 2 X 3 matrix of each morphological and
physiological parameter was constructed, where the rows (i) represented the treatments and the columns
represented the bottle gourd individuals (j) (i.e., the replicate for each treatment). We considered two
water regimes (i = 1, 2) and three individuals of each bottle gourd genotype (j = 1, 2, 3). The phenotypic
plasticity for a given variable x can be related to the difference of x between two individuals of the
same genotype grown under different water treatments. The phenotypic plasticity was described by
the absolute distance between two selected individuals (j and j) of the same genotype grown under
distinct water conditions (i and i’). Regarding this assumption for the whole data set, we computed
pairwise distances across all individuals and water conditions. For a given variable x, the distance
among values (dij—i’j") was the difference xi’j" — xij, and the relative distances (rdij—i’j") were defined
as dij—i’j’/(xi’j" + xij) for all pairs of individuals of a given genotype grown under different water
availabilities. Finally, RDPI was calculated as }’(rdij—i’j")/n, where n represented the number of
distances. Detailed descriptions of the relative distance plasticity index and its bases are given in
Valladares et al. [21] and Marchiori et al. [22].

The RDPI differences between genotypes were evaluated with a one-way ANOVA and post-hoc
Tukey mean comparison test (p < 0.05) using the packages ‘ggpubr’, ‘plry’, and ‘multicompView” and
considering ‘bottle gourd genotypes’ as a factor.

4.7. Data Analysis

An analysis of variance (ANOVA) was performed after testing the homogeneity of variances and
normality of the residuals using Bartlett and Shapiro-Wilk tests.

A two-way ANOVA was performed for physiological and RSA traits. For the multiple comparison
analysis test, orthogonal contrasts were performed to compare the mean values of genotypes by the
water regime interaction effect. Statistical analyses were performed using the PROC GLM procedure
of SAS software (SAS version 9.3).

The mean values of the studied RSA traits and physiological parameters for each condition
(WW and WD) were used to compute the Pearson’s linear correlation coefficients to describe the
pattern of association between physiological and RSA traits in the R-package, using the “corrplot”
function. Significance tests for the correlation coefficients were determined using Student’s t-test.

A principal component analysis (PCA) based on the correlation matrix was performed using the
“princomp” function in R. The eigenvectors derived from the PCA were used to identify the variables
that had a strong relationship with a specific principal component. The PC biplot was then generated
using the “ggbiplot” package in R to describe and group bottle gourds for their level of drought
tolerance according to Shah et al. [45].

5. Conclusions

In conclusion, our results provided evidence that most of the traits studied showed some level
of plasticity in response to water reduction. Some RSA traits, such as a reduced length and density
of lateral roots (RLDy,;, ARL;, ARA,, and ARL;), were able to improve the morphological plasticity
of root biomass production in bottle gourd under the water deficit condition. These findings may
contribute to a better understanding of the drought-tolerant mechanisms conferred by root system
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architecture traits and the physiological responses of bottle gourd, leading to efficient selection criteria
and enhancements of the drought adaptation and phenotypic plasticity in this vegetable crop.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/12/1697/s1,
Table S1: Increment and reduction of CO, assimilation (An), stomatal conductance (gs), and intrinsic water-use
efficiency (An/gs) between initial and final mean values (experimental time period) of stress treatments in seven
bottle gourd landraces. Table S2: Results of contrast tests comparing the mean values difference between
well-watered (WW) and water deficit (WD) conditions for stomatal conductance (gs). Table S3: Results of contrast
test comparing the mean value differences between well-watered (WW) and water deficit (WD) conditions for
transpiration (E). Table S4: Results of contrast tests comparing the mean value differences between well-watered
(WW) and water deficit (WD) conditions for intrinsic water use efficiency (WUEI). Table S5: Results of contrast
tests comparing the mean value differences between well-watered (WW) and water deficit (WD) conditions
for instantaneous water use efficiency (WUEins). Table S6: Results of contrast tests comparing the mean value
differences between well-watered (WW) and water deficit (WD) conditions for intercellular CO, concentration (Ci).
Table S7: Origin and geographical coordinates of seven bottle gourd genotypes evaluated under well-watered and
water deficit conditions.
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Abstract: Isoprenoids are among the most abundant biogenic volatile compounds (VOCs) emitted by
plants, and mediate both biotic and abiotic stress responses. Here, we provide for the first time a
comparative analysis of transgenic Arabidopsis lines constitutively emitting isoprene and ocimene.
Transgenic lines and Columbia-0 (Col-0) Arabidopsis were characterized under optimal, water stress,
and heat stress conditions. Under optimal conditions, the projected leaf area (PLA), relative growth
rate, and final dry weight were generally higher in transgenics than Col-0. These traits were associated
to a larger photosynthetic capacity and CO, assimilation rate at saturating light. Isoprene and
ocimene emitters displayed a moderately higher stress tolerance than Col-0, showing higher PLA
and gas-exchange traits throughout the experiments. Contrasting behaviors were recorded for the
two overexpressors under water stress, with isoprene emitters showing earlier stomatal closure
(conservative behavior) than ocimene emitters (non-conservative behavior), which might suggest
different induced strategies for water conservation and stress adaptation. Our work indicates that (i)
isoprene and ocimene emitters resulted in enhanced PLA and biomass under optimal and control
conditions and that (ii) a moderate stress tolerance is induced when isoprene and ocimene are
constitutively emitted in Arabidopsis, thus providing evidence of their role as a potential preferable
trait for crop improvement.

Keywords: isoprene; ocimene; heat stress; water stress

1. Introduction

A large number of plants constitutively emit volatile organic compounds (VOCs) and it has been
shown that 36% of the total photosynthetic assimilates produced by terrestrial plants are destined
for VOCs’ biosynthesis [1]. The involvement of specific VOCs in a wide range of physiological
processes has been largely reported [2]. Plant defense against insects, pollinator attraction, plant-plant
communication, plant-pathogen interactions, reactive oxygen species scavenging, thermo-tolerance,
and environmental stress adaptation are some of the most relevant ecological functions of VOCs [2].

Isoprene (2-methyl-1,3-butadiene, CsHg) is the most abundant naturally emitted biogenic
VOC [3]. In plants, isoprene biosynthesis is catalyzed in chloroplasts by isoprene synthase (IspS)
from dimethylallyl diphosphate anion (DMADP), which is formed by the 2-C-methyl-D-erythritol
4-phosphate (MEP) pathway [4]. Isoprene emission rates depend on the activity of IspS and the pool size
of DMADP [5,6], which are in turn influenced by many factors, such as the endogenous developmental
stage of a leaf [7,8] and several environmental stimuli and constraints [9,10]. Phylogenetic analyses
show that the isoprene biosynthesis capacity was lost in Glycine max probably during the domestication
process [11] while it was present in ancestral lines, including Glycine soja. Monson et al. [12] reported that
isoprene emission is likely ancestral within the family Fabaceae, but several independent evolutionary
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events led to at least 16 losses and 10- gains in the isoprene biosynthesis capacity. The elevated
frequency in gaining and losing the trait has been explained by the relatively few mutations necessary
to produce or lose the IspS gene coupled with the evidence that isoprene emission is advantageous in a
narrow range of environments. Recent phylogenetic reconstruction indicates that Arundo donax IspS
(AdolspS) and dicots IspS most likely originated by parallel evolution from Terpene Synthase b (TPS-b)
monoterpene synthases, suggesting potentially different physiological roles of the two VOCs (isoprene
and ocimene) under environmental stresses [13]. Therefore, understanding how isoprene affects plant
growth and physiology and comparing the induced protection under abiotic stresses of isoprene and
other monoterpenes will allow determination of whether isoprene emission is a beneficial trait to be
reintroduced to plants, especially for the purpose of crop improvement.

Indeed, although the MEP pathway is ubiquitous in plants, only a small portion of plants emit
isoprene due to the lack of the IspS gene [14]. Since the biosynthesis of isoprene is a cost in terms
of carbon [15,16], the great investment of energy into isoprene of some species must have relevant
functional reasons. In particular, isoprene and other monoterpenes are believed to play a protective
role against thermal and oxidative stresses, possibly because of the capacity of this molecule to stabilize
thylakoid membranes [17,18], or to remove reactive oxygen within the mesophyll [19,20]. However,
there is evidence that more stable monoterpenoids replace isoprene emission, allowing plant adaptation
to more xeric environments, while isoprene emission is maintained in fast-growing plants potentially
adapted to a high water availability and subjected to short and moderate stress conditions [21].
For instance, alien species of Hawaii emit more monoterpenes than native ones, and this has been
suggested to be an indication of greater evolutionary success of alien species since monoterpene
emission is associated with higher stress resistance [22]. More specifically, it was shown that isoprene
biosynthesis evolved as an ancestral mechanism in plants to cope with transient oxidative stresses
during their water-to-land transition [23]. Indeed, fast-growing hygrophilous Quercus species, such as
most North American and some European oaks (e.g., Quercus robur), emit isoprene, whereas isoprene
is replaced by monoterpenes in xeric oaks, such as Q. ilex [23,24]. In particular, it has been shown
that ocimene is a commonly emitted monoterpene under stress conditions, in particular under heat
stress [24]. For instance, leaves of Quercus ilex emit high levels of ocimene and the emission is
temperature dependent and maximal at 35°C [24]. This suggests that (1) environmental conditions
seem to shape isoprenoids’ emission capacity and (2) isoprene and ocimene-emitting plants may
display different potential responses in stress tolerance.

To compare the role of isoprene and ocimene on environmental stress tolerance, we used some
transgenic Arabidopsis produced in [13]. Wild-type plants and two transgenic lines per type of emitted
VOC were compared in three independent experiments for their growth and stress tolerance by
using a series of non-invasive shoot phenotyping techniques. This work provided for the first time a
comparative analysis of Arabidopsis plants constitutively emitting isoprene and monoterpene regarding
their growth under optimal and stress conditions and showed potential contrasting physiological
behavior under disadvantageous environments.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Arabidopsis thaliana L. ecotype Columbia-0 (Col-0) was used for all experiments as a wild-type
control while AdolspS-44 and AdolspS-79 lines emitting high levels of isoprene (~300 parts per billion
volume) and AdolspS_m1-8 and AdolspS_m1-73 lines (F310A mutation: Phenylalanine at position 310
replaced with alanine) emitting high levels of ocimene and small amounts of isoprene, were selected
from a previous work [13]. All the transgenic lines overexpress the transgene under the constitutive 355
promoter in the Arabidopsis Col-0 background and emit the respective VOCs constitutively. Seeds of
wild-type and all other lines were previously harvested from plants grown on pots in a mixture of
soil (48%, 48%, and 4% of Flora gard special mixture, Einheits Erde Classic, and perlite, respectively),
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23 °C temperature, 75 pmol m~2 s~! photosynthetically active radiation (PAR), and 16/8-h light/dark
photoperiod. For phenotypic and physiological characterization, seeds were germinated either on
agar plates under sterile conditions (Experiment 1) or in pots (Experiment 2 and 3) in similar growing
conditions to the plants used for seed collection. After seeding, agar plates or pots were stratified
for 3 days in the dark at 4 °C and grown under long day conditions at 23 °C, light intensity of
75 umol m~2 s~! photosynthetically active radiation (PAR), and 50% relative humidity. After the full
cotyledons’ emergence, seedlings were transplanted in pots containing soil and used for physiological
characterization. Details on the growth conditions for each specific experiment are provided in the
respective method section below.

2.2. Experimental Design and Stress Application

Three independent experiments were carried out in growth chambers (KBV400, BINDER GmbH,
Tuttlingen, Germany). Experiment 1 was a factorial 5 X 2 experiment in a randomized block design
with lines (Col-0, AdolspS-44 and AdolspS-79 isoprene emitters, AdolspS_m1-8 and AdolspS_m1-73
ocimene emitters) and watering regime (well-watered, WW and water stressed, WS) as factors in
10 blocks (1 = 10). The experiment was set up in two identical growth chambers (KBV400, BINDER
GmbH, Tuttlingen, Germany) and pots were placed in trays, with each tray containing 10 pots and
treated as a block. Experiment 2 design was equal to Experiment 1, but it consisted of 12 blocks (1 = 12)
and after stress application, plants were subjected to a 7-day recovery period (fully re-watering to
WS plants) and subsequent biomass harvesting. In both experiments, germinated seedlings at the
two-cotyledon stage were transplanted to plastic 8x8x8 cm pots with a very similar amount of soil
(~130 g of a 48%-48%-4% of Flora gard special mixture, Einheits Erde Classic, and perlite, respectively),
with two per pot. Plants were subsequently thinned as one per pot according to uniform growth
before the stress application. After transplanting, pots were transferred to growth chambers set at
23/22 °C daytime/nighttime temperature, an average 60% relative humidity (i.e., optimal vapor pressure
deficit of ~1.1 kPa), and ~80 umol m~2 s~! PAR on average at the rosette level. The photoperiod was
12/12 h day/night in Experiment 1 and 10/14 h day/night in Experiment 2. The shorter photoperiod
in Experiment 2 compared to Experiment 1 allowed a higher stress intensity before the onset of
reproductive stages (i.e., flowering) owing to the longer vegetative phase and, therefore, total pot water
loss. Pots were watered every two days to saturation to avoid soil moisture deficit. Twenty-three days
after sowing, the selected pots were subjected to WS by withholding watering in both experiments.
The available water content of the pots was expressed as a fraction of the transpirable soil water as
FTSW= (Pg - Pq)/TTSW, where (i) the total transpirable soil water (TTSW) was the difference between
the pot weights at a 100% water holding capacity (WHC) (pot weight ~230 g including the plant and
plastic pot) and when the transpiration rate of the stressed plants decreased to 10% of the control plants
(~90 g), (ii) Py was the actual pot weight on a given date, and (iii) Py was the pot weight at the time
when the transpiration rate of the stressed plants was 10% of the control plants (~90 g of pot weight).
Pot weight was assessed every day with a balance (Pioneer PA2102C, Ohaus, Parsippany, NJ, USA).

Experiment 3 had a factorial 5 x 2 design in a randomized block with lines (as above) and
temperature (control temperature (CT) and heat stress (HS)) as factors in 12 blocks (1 = 12). For this
experiment, the blocks were split in two chambers, one at the CT temperature and one at the HS
temperature. Plants were transferred in pots and grown as in Experiment 2. Stress was applied 22 days
after sowing and by increasing the temperature to 29/28 °C day/nighttime (standard temperature for
the heat stress experiments in Arabidopsis, e.g., [25]) in the selected chamber devoted to HS. During the
HS application, pots were watered daily to avoid a soil moisture deficit.

2.3. Gravimetric Assessment of Daily Transpiration

In Experiment 1 and 2 (i.e., when WS was applied), pots (1 = 12 or 10) were weighed daily in
the morning and within a 30-min time frame and from the date after treatment application (DAT)
1 on. In Experiment 3, n = 3 pots were used to pot FTSW daily and re-watering was carried out to
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avoid a soil moisture deficit. In Experiment 1 and 2, WW pots were re-watered daily to a target weight
reflecting approximately 0.8-0.9 FTSW while no water was added to WS pots. The pot weights Py
and P, of two consecutive days were used to calculate the water use of the plant over 24 h. Since soil
evaporation was not minimized, empty pots were placed randomly in the growth chamber and at
different FTSW to estimate the average daily evaporation, which was subtracted from the total plant
water use and calculated daily plant transpiration (TR, mL day ™).

2.4. Imaging Projected Leaf Area

For all the experiments, the projected leaf area (PLA, cm?) was taken for all the pots starting from
DAT-1 (n = 10 or n = 12) and every two days after gravimetric assessment. Images were collected
with a Samsung Galaxy A20 camera and analyzed with Easy Leaf Area software as described in [26].
Briefly, the selected pot was quickly taken from the growth chamber and placed on a table next to a red
calibration area of 4 cm? fixed at the top of an 8x8x8 pot (i.e., the distance between the camera and
the plant/reference was identical). The picture was taken from the top at a distance of 40 cm and the
camera was always positioned parallel to the plant. Image segmentation and PLA measurement was
immediately carried out with the Easy Leaf Area free app and the value recorded. The PLAs P; and P,
of two consecutive days were used to calculate the relative shoot growth rate (RGR) (% d ') according
to the equation: RGR = 100 x 1/t X In (P/P1), where ¢ is the days between P, and P; (i.e., two days).

2.5. Leaf number, Leaf Emergence Rate, and Phenology

In Experiment 2 and 3, the dynamic of the leaf number was characterized after shoot imaging
by visually counting visible leaves (n = 12). Subsequently, the leaf emergence rate was calculated as
the maximum slope of the linear relationship between the leaf number (LN) and time (f) during the
experimental period (i.e., during the linear phase of plant growth). Plants were also visually inspected
for phenological stages according to [27] and the date of inflorescence emergence (GS 5.10) and first
flower opening (GS 6.0) were recorded.

2.6. Gas-Exchange Measurements

Gas-exchange measurements (1 = 4 to 5) were performed for Experiment 1, 2, and 3 with a Li-Cor
6400 (Li-Cor, Lincoln, NE, USA) using an integrated fluorescence leaf cuvette (LI-6400-40; Li-Cor)
between 0900 and 1400. To minimize the potential leaf position and developmental stage effects, all the
gas-exchange measurements were taken on the sixth fully expanded leaf of four to five randomly
selected plants for each treatment. When needed, the leaf area was recalculated by imaging the
portion used for gas exchange. In the Li-Cor cuvette, all the parameters (leaf CO, assimilation at
saturating light, A; and stomatal conductance, g;) were collected at 400 ppm CO,. Leaf temperature
was maintained at 23 °C, a VPD between 0.9 and 1.3 kPa, and PAR was 600 pmol m2s1 (saturating
PAR for Arabidopsis previously evaluated by light curves (Figure S1)), with a 10:90 blue:red light and
a flow rate of 400 umol sl In Experiment 3, the block temperature was maintained either at 23 or
29 °C depending on the plant treatment (i.e., CT or HS plants). In Experiment 1, data were collected at
DAT 15 (i.e., mild water stress); in Experiment 2, at DAT 22 (severe water stress); and in Experiment 3,
at DAT 18.

2.7. A/Ci Analysis

During Experiment 2 and 3, control plants were used for further gas-exchange characterization in
both Col-0 wild-type and transgenic lines (n = 4). Measurements of the response of A to sub-stomatal
CO; concentrations (C;) were performed using a Li-Cor 6400 (Li-Cor, Lincoln, NE, USA) and a
2-cm? leaf cuvette with an integral blue-red light-emitting diode (LED) light source as described
above. Cuvette conditions were maintained as described in the previous section for WS experiments.
When steady-state conditions were achieved, the CO, concentration was sequentially decreased to 300,
200, 150, 75, and 50 umol mol~! before returning to the initial concentration of 400 umol mol~1. Thiswas
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followed by a sequential increase to 500, 700, 900, 1100, 1300, and 1500 pumol mol~1. Readings were
recorded when A had stabilized to the new conditions. The maximum velocity of Rubisco for
carboxylation (V¢yax) and the maximum rate of electron transport demand for Ribulose 1,5-bisphosphate
(RuBP) regeneration (J;.x) were derived by curve fitting, as described by Sharkey et al. [16].

2.8. Final Biomass Assessment

In Experiment 2 and 3, on DAT 28 and 26, respectively, the shoot biomass was destructively
assessed by harvesting the plants (n = 12). The fresh weight (FW, g) of the shoot was recorded
immediately after harvest with a precision balance and samples were immediately placed inside an
oven (BD115, BINDER GmbH, Tuttlingen, Germany) at 60 °C for four days. Shoot dry weight (DW, g)
was then recorded by weighing the dried samples.

2.9. Statistical Analysis

Statistical analyses were conducted using STATISTICA 13th (Dell Software) and RStudio (R Core
Team, 2017). Randomization and experimental design were produced in RStudio with the Agricolae
package. All the data were subjected to repeated measurement and subsequent two-way analysis
of variance (ANOVA) for each DAT when line and stress factors were present (e.g.,, DW, PLA).
Single-factor analysis was carried out with one-way ANOVA. Shapiro-Wilk and Levene’s tests were
used to test data for normality and homogeneity of variance, respectively. Fisher’s least significant
difference test was used for multiple comparisons. Estimation of TRyeax was carried out with
segmented regression by plotting TR and FTSW and estimated as the intersection between the two
linear segments as in Faralli et al. [28].

3. Results

3.1. Stress Application and Phenology

In this work, we aimed to characterize the transgenic lines under semi-realistic environmental
conditions and several stressors. In Experiment 1, WS was slowly (slope linear fitting —0.053) applied
for 16 days until FTSW was 0.14 on average, therefore mimicking a relatively mild WS environment
(Figure 1A). Conversely, in Experiment 2, a relatively more severe stress was applied (FTSW below 0.1
for four days) followed by a re-watering period to saturation (FTSW 0.8) (Figure 1B). In Experiment 3,
HS was applied by increasing the chamber temperature to 29 °C while maintaining saturating levels
of the soil moisture to avoid confounding factors from WS (Figure 1C). Phenological assessments
suggest that WS did not trigger an escape strategy in Experiment 2, at least at the stress conditions
applied (p = 0.613), with similar days to bolting between WW and WS plants. Similarly, no significant
differences were detected between lines in both WW and WS conditions (p = 0.617) (Figure 2A,B).
The leaf emergence rate was around 0.85 leaf day~! on average under WW conditions and this was not
significantly different between lines (p = 0.086). Under WS, the leaf emergence rate was significantly
(p < 0.001) lower than WW conditions for all the lines (Figure 2C,D). HS application significantly
reduced the days for bolting compared with CT conditions (p < 0.001) (Figure 2E,F) and decreased the
leaf emergence rate (p < 0.001) (Figure 2G,H), while no significant differences were found between
lines (p = 0.169 and p = 0.621).
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Figure 1. Environmental conditions for Experiment 1, 2, and 3 (A-C, respectively). In A, black dots
represent fraction of transpirable soil water (FTSW) of well-watered (WW) plants while red dots
represent FTSW for water stress (WS) plants over a 16-day experimental period (1 = 50). In B, black dots
represent FTISW of WW plants while red dots represent FTSW for WS plants over a 27-day experimental
period (1 = 60). From days after treatment application (DAT) 22, WS plants were subjected to a recovery
period. In C, black dots represent the average FTSW evaluated on three average pots per treatment
(n = 30), the red dotted line represents the average day-time air temperature of the heat stress (HS)

chamber and the blue line represents the average day-time temperature of the control temperature
(CT) chamber.
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Figure 2. Days to bolting and the leaf emergence rate assessed in Experiment 2 (A-D) and 3 (E-H).
For all the graphs, black bars represent the control (either WW or CT) conditions, whereas red bars
represent plants subjected to stress (either WS or HS) (17 = 12). Data were analyzed with two-way
ANOVA and the output is included in the graph. Means separation was carried out with Fisher’s test
(since no differences are present between lines, the respective letters were omitted for simplicity).

3.2. Shoot Biomass Assessment

Under WW conditions and in Experiment 2 (50 days after seeding), Col-0 showed lower shoot dry
weight biomass than AdolspS-44 and AdolspS_m1-8 (p = 0.036) (Figure 3A). WS conditions significantly
(p < 0.001) reduced the shoot dry weight compared with the WW plants on average and for all the lines.
No statistically significant differences were found between lines under WS conditions (Figure 3B).
In Experiment 3 (45 days after seeding), CT Col-0 showed a reduced shoot dry weight compared to
AdolspS-44 and AdolspS_m1-73 (p = 0.006) (Figure 3C). HS significantly (p < 0.001) reduced the shoot
dry weight biomass for all the lines and by ~45% on average. When compared with Col-0 under HS,
the transgenic lines showed a significantly higher dry weight biomass (p = 0.006) (Figure 3D)
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Figure 3. Shoot dry weight for Col-0, isoprene emitters (AdoIspS-44 and AdolspS-79), and ocimene
emitters (AdolspS_m1-73 and AdolspS_m1-8) Arabidopsis lines grown under control and stress
conditions. In Experiment 2 (A,B), plants were grown under control (A) and water stress conditions
(B) while in Experiment 3 (C,D), plants were grown under control (C, 23 °C temperature) and heat
stress conditions (D, 29 °C temperature) (n = 12). The two-way ANOVA output is shown in the graph.
Different letters represent significant differences according to Fisher’s test.

3.3. Water-Use Strategies under Reduced Water Availability

Under WS conditions, the reduction in transpiration for Col-0 started at FTSW of 0.35 and 0.38 for
Experiment 1 and 2, respectively (Figure 4A,B). When compared with Col-0, isoprene-emitting lines
(i.e., AdolspS-44 and 79) displayed a more pronounced water conservation strategy, with a TRpyeax
ranging between 0.43 and 0.47 FTSW in both experiments (p < 0.001). Conversely, ocimene-emitting
plants showed reduced transpiration at lower FTSW compared with both Col-0 and AdolspS lines,
with a TRpeax between 0.28 and 0.31 in both experiments (p < 0.001).
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Figure 4. Breakpoint of plant transpiration to reduced soil water availability (TRpyea). Data were
gravimetrically collected in Experiment 1 (A) and 2 (B) and daily plant transpiration was plotted against
FTSW curves and subjected to segmented regression (n = 10 in A and n = 12 in B). Data were analyzed
with one-way ANOVA and different letters represent significant differences according to Fisher’s test.

26



Plants 2020, 9, 477

3.4. Projected Leaf Area and Relative Growth Rate

Correlations between PLA and shoot dry weight (p < 0.001, R? = 0.84, data not shown) confirmed
the reliability of the dynamic estimation of the leaf area over the experimental periods. For all the
experiments under WW or CT conditions, all the transgenic lines showed larger PLA compared with
the wild-type Col-0 (Figure 5A,E,I). The higher PLA relative to Col-0 was statistically significant by up
to 30% for AdolspS_m1-73 in Experiment 1 (DAT 2-6), by up to 20%-25% for AdolspS-44 in Experiment
2 (DAT 21-28), and by up to 20% in Experiment 3 (DAT 6-12). The limitation of water availability (i.e.,
Experiment 1 and 2 Figure 5B,F) caused a pronounced growth retardation for all the lines (from DAT 14
both experiments), as shown by evident reductions in PLA and RGR. However, while under moderate
water stress (Experiment 1), no significant differences were observed among the lines, and significantly
higher PLA values for the emitters were found in Experiment 2 (severe water stress) when compared
with Col-0 and during the recovery period. In particular, AdolspS-44 and AdolspS_m1-8 showed
significantly higher PLA than Col-0 in Experiment 2, with a much sharper recovery period compared
with the wild type. HS severely affected plants’ growth, with a significant reduction in PLA and
RGR since DAT 6 compared with WW conditions for the lines tested. Significantly lower PLA values
for Col-0 were recorded compared with emitters (e.g., AdoIspS_m1-8 DAT 25, AdolspS_m1-73 and
AdolspS-79 DAT 21, AdolspS_m1-73, and AdolspS-44 DAT 8).
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Figure 5. Projected leaf area (PLA) and relative growth rate (RGR) of Col-0 and isoprene- or
ocimene-emitting lines. Data were collected over three experiments and during the entire experimental
treatment. In (A,E,I), continuous assessment of PLA for control plants (WW in Experiment 1 and 2 or
CT in Experiment 3) and in (C,G,K), the calculated RGR is shown. In (B,F,J), continuous assessment of
PLA for stressed plants (WS in Experiment 1 and 2 or HS in Experiment 3) and in (D, H,L), the calculated
RGR is shown. Values are means + standard error of the means (1 = 12 while n = 10 in Experiment 1).
Data were subjected to repeated measurements analysis (p < 0.001) and two-way ANOVA and the
output is shown in the table for each experiment. A multiple comparisons test (Fisher’s test) was
carried out for each day after treatment (DAT) and is shown in Supplementary 2 for simplicity.
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3.5. Gas-Exchange, A/Ci Analysis

Saturating A for Col-0 was ~8 pmol m™2 s

-1

on average, which was significantly (p < 0.001 and
p = 0.003, respectively, Figure 6A E,I) lower than transgenic lines in Experiment 1 and 3 under optimal
conditions (WW and CT). Indeed, the A/C; analysis supports the in situ gas-exchange measurements,
with both isoprene- and ocimene-emitting lines displaying higher A (p = 0.045) and Juax (p = 0.041)
while no significant differences were found for Vqx (Table 1). As expected, WS severely reduced A
and g; and the reduction was very similar for all the lines (p < 0.001) (Figure 6B,F). However, in some
lines (e.g., AdolspS-44 exp 1 and ISPs 79 exp 2), higher A values compared with Col-0 were present.
Under HS, gs was not negatively affected for all the lines, and in some cases (e.g., AdoIspS-79 and
AdolspS_m1-73), higher g5 values were obtained compared with the CT (Figure 6N). On the contrary,
HS reduced A by 20% in Col-0 (p = 0.016) while no significant differences compared with the WW
control were recorded for ocimene emitters and AdolspS-79 (Figure 6L).
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Figure 6. CO; assimilation rate (A) and stomatal conductance (gs) collected in Experiment 1 (A-D),
Experiment 2 (E-H), and Experiment 3 (I-L). Values are means (1 = 4 to 5) and the two-way ANOVA
output is shown in each graph. Measurements (11 = 4 to 5) were performed at 600 pmol m~2 s~ PAR,

23 °C leaf temperature, and 400 umol mol~! [CO,] in Experiment 1 and 2 (water stress experiments)
while in Experiment 3 (heat stress experiment), the block temperature was 23 and 29 °C for CT and
HS, respectively.
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Table 1. Photosynthetic to sub-stomatal CO, concentration response curve (A/C;) output for the
wild-type Col-0 and transgenic lines. Data were collected over Experiments 2 and 3 on control plants
with a Licor 6400XT. Parameter estimation was carried out as described by [16]. Values are means +
standard error of the means (1 = 4 to 5) and analyzed with one-way ANOVA while means separation
was carried out by Fisher’s test.

Line A Vemax Jimax

Col-0 8.0° 452 9442
AdolspS-79 9.4b 49.1 102.3 &b
AdolspS-44 9.6 56.6 119.6®

AdolspS_m1-8  9.8P 55.9 1145
AdolspS_m1-73 102" 535 114.4°
p-value
0045  0.321 0.041

4. Discussion

Transgenic approaches have been largely used to engineer isoprene emission in non-emitter
species [13,19,25,29,30]. This has led to a large amount of information regarding the role of isoprene
in plant growth, stress tolerance, and signaling. As of today, however, much less effort has been
devoted to the comparative dissection of the differences between the biological functions of isoprene
and monoterpenes. In this work, Arabidopsis plants transformed to emit constitutively isoprene or
ocimene were compared for the first time and a comprehensive shoot characterization was carried out
in order to assess their potential role on stress tolerance and plant growth. The comparative approach
used in our study has two major advantages with respect to similar studies carried out in the past in
different species [31]. First, it compared in the same genetic background the physiological effects of
isoprene and ocimene emission, thus normalizing the effect of the starting pool of metabolites, which is
known to vary among species and affect emissions [32,33]. Second, it employed two enzymes differing
by only one amino acid [13], thus minimizing among transgenic emitters any confounding effects on
plant growth due to the protein length or translational efficiency. Leveraging on similar emission levels
from selected transgenic lines, in this study, we thus characterized the physiological effects of isoprene
and ocimene under optimal conditions as well as two main abiotic stresses, temperature excess and
water limitation.

4.1. Hemi- and Mono-Terpene Emission Improves Plant Growth under Optimal Conditions

Under optimal conditions, isoprenoids” emission is a metabolically expensive trait, with high
energy and photosynthetic carbon requirements [15]. However, independent studies demonstrated
that the emission of isoprenoids led to an increased biomass, leaf area, and pigment content in several
species (e.g., [25,34]), which is consistent with our data, suggesting the existence of a tight but complex
relationship between isoprene/monoterpene emission and growth. In Zuo et al. [34], Arabidopsis plants
transformed with a Eucalyptus globulus IspS gene had a higher leaf area, leaf number, and final dry
weight than the wild-type Col-0, consistent with our data on both isoprene and ocimene emitters.
Similarly, in Loivamaki et al. [25], Arabidopsis lines transformed with an IspS gene from gray poplar had
higher growth rates under optimal growth conditions. The role of isoprene as a signaling molecule has
recently been shown, with a significant upregulation in the expression of genes belonging to signaling
networks or associated with specific growth regulators (e.g., gibberellic acid, cytokinins, and jasmonic
acid) in Arabidopsis engineered to emit isoprene [34]. In particular, greater accumulation of gibberellic
acid, potentially through an enhanced expression level of genes encoding for zinc fingers proteins (e.g.,
TZF5), has been suggested as a potential explanation of these phenotypes with an enhanced leaf area.
Additionally, isoprene appeared to enhance cytokinin levels mainly through changes to the expression
levels of genes associated to cytokinin signaling. In our work, isoprene-emitting lines showed a higher
PLA and final dry weight than Col-0 under optimal conditions, corroborating the hypothesis that
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isoprene and monoterpene emission might be involved in enhancing or modulating the gene network
and signaling of plant growth.

An interesting output of our work is the enhanced photosynthetic capacity and CO, assimilation
per unit of leaf area (A) in emitters compared with Col-0 under optimal conditions. It was previously
reported that isoprene and monoterpene emission might increase the chlorophyll content in leaves,
and potentially enhance A [25,34]. This increase in A can also partially explain the higher PLA and
biomass of the emitters compared with Col-0, suggesting a higher carbon availability that can sustain
growth. Intraspecific variation within the Arundo tribe and some dicots for A and isoprene emission
revealed a positive and significant correlation between isoprene emission and photosynthesis [7,35].
Morfopoulos et al. [35] proposed a mechanism by which the isoprene emission rate is directly
proportional to the excess of reducing power (nicotinamide adenine dinucleotide phosphate, NADPH)
generated by the linear electron flow and unused by photosynthesis. Indeed, in our experiment, Jyx
was significantly higher in emitters than Col-0, suggesting that a fraction of the total electron flux
generated by the photosystem II might be allocated to isoprenoid biosynthesis.

4.2. Isoprene and Ocimene Emission Resulted in a Moderate Tolerance to Environmental Stresses

In our work, albeit at the boundaries of significance and partly inconsistent between lines
transformed with the same construct, both isoprene and ocimene emission resulted in marginally
higher A and PLA under water and heat stress than Col-0. Conversely, significant positive effects were
recorded for dry weight under heat stress only. Indeed, our data are in line with most of the literature
showing the efficacy of hemi- and monoterpenes at protecting the photosynthetic apparatus under
high temperatures [25,30,34]. Somehow surprisingly, however, these results indicate relatively minor
phenotypic variations consequent to VOCs’ emission under the stress conditions tested. Since the heat
stress regime applied in this work was milder and indubitably closer to physiological conditions than
in some previous reports [30], further characterization is needed to better evaluate potentially different
degrees of responses under broader environmental conditions.

However, isoprene and ocimene emitters showed an opposite behavior concerning their water-use
under reduced water availability. Ocimene emitters reduced their transpiration at a very low value
of FTSW, suggesting a non-conservative water-use behavior. On the contrary, isoprene emitters
showed a highly conservative water-use strategy, with early stomatal closure and an elevated
sensitivity of transpiration to soil drying. While dryland agriculture might benefit from conservative
genotypes [28,36], a non-conservative strategy is advantageous for maximizing nutrient capture and
for successful colonization of dry habitats with extreme fluctuations in resource availability [37].
Under short resource fluctuations, fast nutrient and water uptake can take over resource utilization by
slower neighbors, thus providing a competitive advantage in disadvantageous epiphytic habitats [37,38].
This might indicate why monoterpene-emitting species are more common in xeric habitat than
isoprene-emitting species. It was already shown that hygrophilic isoprene emitters showed elevated
stomatal sensitivity to soil water stress, mainly to avoid tissue dehydration [39,40], which is consistent
with our work. We speculate that the conservative behavior of the isoprene emitters analyzed in
this study might also suggest a strategy to increase internal the isoprene concentration (owing to its
high volatility) under stress conditions to enhance its potential beneficial effect, which is minimized
under low concentrations [41]. The two contrasting strategies therefore, although they did not produce
a higher dry weight biomass than Col-0 under water stress, led, for different reasons, to similar
phenotypes between the two constitutively emitting lines. Further investigation on this is required in
order to understand the physiological basis of this behavior and exploit the potential advantages of
these responses under different magnitudes of water stress.

4.3. Agricultural and Evolutionary Relevance

The role of isoprenoids in plant defense strategies against biotic and abiotic stresses and their
potential applications to agriculture are increasingly being appreciated [42]. Our results highlight both
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similarities and differences in abiotic stress tolerance among isoprene and ocimene emitters, which on
the one hand determined their evolution in natural environments and on the other hand will affect the
possibility of applying them to agricultural settings. Agro-ecosystems, in fact, represent simplified
environments in which human beings buffer environmental conditions to provide steady and sufficient
amounts of water, light, and nutrients to crops [43]. The consistently higher PLA and A we observed
for the transgenic lines compared with Col-0 under optimal conditions recorded in this work suggest
that enhanced growth is a resulting phenotype in isoprenoid-emitting plants (supported by other
literature, e.g., [34]) and might be a preferable trait, at least in biomass crops. In general, irrespective
of the VOC emitted, heat tolerance was generally enhanced compared with Col-0. This is relevant
considering that in the future, climate change will increase the frequency of extreme weather events [44],
and further suggests that enhanced isoprenoids” emission could be a viable strategy to be used in
crop improvement. For instance, under stressful conditions, the induced stress tolerance (e.g., reactive
oxygen species scavenging, membrane stability, gas exchange and dry weight maintenance) and the
synergistic effects between isoprenoids, secondary metabolites (e.g., carotenoids), and hormones (i.e.,
cytokinins) [42] is of major interest, in particular to assess whether a potential delayed in senescence
is induced in isoprenoid-emitting plants under thermal stress (a favorable trait in several crops, e.g.,
cereals [45]). However, which terpene should be better suited to this task is still a matter of debate,
as the evidence in favor of either of them is still fragmentary and partly conflicting. The presence
of isoprene emission in wild soybean (Glycine soja) and its lack in cultivated soybean (Glycine max)
suggests that isoprene emission in Fabaceae could have been counter-selected during the domestication
process in favor of monoterpene emission [46]. Given the naturally occurring multiple losses and gains
of isoprene emission during the course of evolution in Fabaceae [12], however, it is still doubtful whether
IspS pseudogenization in cultivated soybean is simply a by-product or the result of domestication
analogously to the loss of resistance toward pathogens observed in several other crops [47,48]. On the
other hand, our results indicate that isoprene emission could be preferable over ocimene emission in
the long run under the current climate change scenario, as it provides conservative water-use behavior
and thus potentially higher sustainability over time [49]. From a broader evolutionary perspective,
the increased sensitivity to dehydration of isoprene-emitting plants compared with ocimene emitters
provides a rationale for the observation that isoprene is usually associated to a perennial lifestyle,
where dehydration avoidance rather than drought escape is advantageous [50]. These results are
in line with previous work suggesting that while isoprene evolved in plants adapted to high water
availability and subjected to short stresses, it was replaced by monoterpenes or more stable isoprenoids
in xeric environments [21].

5. Conclusions

To our knowledge, this is the first study where a comprehensive characterization of Arabidopsis
lines constitutively emitting isoprene and ocimene has been carried out. Our data support the most
recent literature on hemi- and monoterpene plant biosynthesis suggesting a positive effect of the
emission on both growth and stress tolerance and corroborating the idea of their potential usefulness
in crop improvement. Given the differences found in water-use strategies followed by contrasting
stomatal sensitivity to water limitation, the potential application of isoprene emission for perennial
crops and of monoterpene emission for annual crops will need to be assessed further. In particular,
the dissection of the possible differences in the signaling cascade in isoprene and monoterpene emitters
by transcriptomic approaches holds the promise to improve our understanding of the role of VOCs as
signaling molecules for stress priming in plants.
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Abstract: Adenosine triphosphate-binding cassette transporters (ABC transporters) participate in
various plant growth and abiotic stress responses. In the present study, 131 ABC genes in barley were
systematically identified using bioinformatics. Based on the classification method of the family in rice,
these members were classified into eight subfamilies (ABCA-ABCG, ABCI). The conserved domain,
amino acid composition, physicochemical properties, chromosome distribution, and tissue expression
of these genes were predicted and analyzed. The results showed that the characteristic motifs of
the barley ABC genes were highly conserved and there were great diversities in the homology of
the transmembrane domain, the number of exons, amino acid length, and the molecular weight,
whereas the span of the isoelectric point was small. Tissue expression profile analysis suggested
that ABC genes possess non-tissue specificity. Ultimately, 15 differentially expressed genes exhibited
diverse expression responses to stress treatments including drought, cadmium, and salt stress,
indicating that the ABCB and ABCG subfamilies function in the response to abiotic stress in barley.

Keywords: barley; ABC gene family; gene expression; abiotic stress

1. Introduction

Named after the binding frame of adenosine triphosphate (ATP), ATP-binding cassette transporters
(ABC transporters) are widely found in eukaryotes and prokaryotes [1]. A previous study found that ABC
transporters, as one of the most widely functional protein superfamilies, are involved in plant physiological
processes [2], such as plant hormone transport, nutrient uptake by organisms, stomatal regulation [3],
environmental stress responses, and the interaction between plants and microorganisms [4]. Plant ABC
transporters possess nucleotide-binding domains (NBDs) and transmembrane domains (TMDs), and the
NBD is a hydrophilic domain with several highly conserved motifs, characterized by the Walker A
and Walker B sequences, the ABC signature motif (also known as Walker C) [5], and the H loop,
and the Q loop [6]. In contrast to the NBD domain, ABC proteins contain low homologous hydrophobic
transmembrane domains (TMDs), and they typically consist of at least six transmembrane «-helices.
The NBD domain provides energy through combining and hydrolyzing ATP, whereas the TMD domain
is able to select substrates for transportation across membranes through the energy channel provided
by the former [7]. TMDs function as selectors for substrates to translocate membrane proteins through
the NBD energy channel. A typical ABC full-size transporter have a core unit of two pore-forming
TMDs and two cytosolic NBDs [2]. Half-size transporters, composed of only one TMD and one NBD, are
thought to form homodimerize or heterodimerize that act as functional pump [8]. In many identified
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ABC transporters in bacteria, some NBDs and TMDs are present on different polypeptides, called 1/4
molecular transporters [9]. Meanwhile, a few ABC transporters are not directly involved in transport
and have been found to participate in other cellular processes such as DNA repair and the transcription
and regulation of gene expression [10-14]. In conclusion, although the amino acid sequence of ABC
transporters is homologous, the function of ABC transporters is diverse owing to their different structures.

As a consequence of the rapid development of whole-genome sequencing, the ABC gene family
had been identified in an increasing number of plants, including 131 in Arabidopsis thaliana [15], 125
in rice, 314 in rape [16], and 130 in maize [17]. A large number of plant ABC transporters are plant
secondary metabolites that have evolved in response to a particular living environment. Owing
to the wide range and large number of ABC transporters, several methods have been proposed
to ABC protein nomenclature [18]. According to the homologous relationships, phylogenetic
relationships, and domain organization, the new nomenclature system of HUGO system (Human
Genome Organization) categorizes ABC transporters into eight subfamilies, ABCA to ABCH subfamily.
However, ABCH has not been characterized in plants [19,20]. Afterwards, only ABCI subfamily
containing “prokaryotic”-type ABCs has been identified in plants [18]. In total, eight subfamilies
(ABCA-ABCG and ABCI) have been identified in plant genomes [21].

It is well universal that abiotic stresses, such as temperature, drought, salt, and heavy metals,
seriously restrict plant growth and affect the yield and quality of crops [22]. In severe cases, abiotic
stress will directly result in plant death. A growing number of studies have demonstrated that ABC
transporters play a pivotal role in crop yield [23], quality formation [24], and the resistance response [25].
Given the importance of ABC transporters in plant life activities, increasingly, plant ABC transporters
have been identified, cloned, and functionally analyzed [26]. To date, the ABC gene family has not been
identified and analyzed in barley, and its association with abiotic stress has not been explored. Barley
(Hordeum vulgare L.) is one of the oldest cultivated crops in the world. It is widely adaptable and exhibits
strong drought, cold, and salt tolerance characteristics [27]. In the research, we used bioinformatics
method to conduct a whole-genome study of the ABC gene family in barley and identified 131 ABC
transporters. We performed sequence characteristics, physicochemical properties, gene phylogeny,
and expression profile analysis of ABC proteins at the genomic level in barley. We also investigated
the expression patterns of barley under cadmium (Cd), drought, and salt stresses by quantitative
real-time (qRT)-PCR. Our findings improve understanding of the function of the ABC gene family
and will facilitate further studies on detailed molecular and biological functions in barley.

2. Materials and Methods

2.1. Identification of ABC Gene Family Members in Barley

The ABCs domain-containing protein and genome sequence were retrieved from Pfam database
(http://pfam.xfam.org/) [28]. The identified ABC sequences of barley and rice were confirmed for
the presence of PFAM domain PF00005 (ABC transport domain) and PF00664 (ABC transmembrane
domain) in barley and rice using HMMER program. In order to ensure accuracy analysis, we
uploaded conserved sequences into NCBI-CDD [29] and SMART database [30] (http://smart.embl
-heidelberg.de/) for protein prediction and unannotated sequences were removed. At the same
time, the final protein-coding sequences were verified by searching NCBI non-redundant protein
sequence database with BLASTP. Protein features including molecular weight and isoelectric point
(pD) of the HVABC proteins were predicted and analyzed by using tools from ExPAsy website
(https://web.expasy.org/protparam/) [31,32].

2.2. Multiple Sequence Alignment and Phylogenetic Analysis of the ABC Gene Family in Barley

For the sake of understanding the phylogenetic relationship of ABC proteins between barley and rice,
the phylogenetic tree was constructed using all the identified ABC amino acid sequences of barley
and rice. Multiple alignments of sequences were conducted using MUSCLE [33] of the EMBL-EBI [34]
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software with the default options. Then, MUSCLE website was utilized to construct the phylogenetic
tree by the neighbor-joining (N]J) method with a bootstrap test of 1000-fold (https://www.ebi.ac.uk/Tools/
msa/muscle/) [35]. The results were displayed using iTOL visualization.

2.3. Analysis of ABC Gene Structure and Chromosome Location in Barley

The information of barley ABC gene family, including intron, exon, physical location on
chromosome and gene annotation file information, was retrieved in the Ensemble Plants database.

The exon-intron organizations of all the HVABC genes were exhibited using the online program
Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/) [36]. The MEME online program for protein
sequence analysis was used to identify conserved motifs of ABC proteins (http://meme-suite.org/t
ools/meme) [37]. The MG2C was used to draw the location images of HVABCs on chromosomes.
The protein sequence was used to predict subcellular localization of barley ABC gene family using
WOoLF PSORT (https://wolfpsort.hgc.jp/) [38].

2.4. Construction of ABC Gene Expression Profiles in Barley

To create the expression profile of HUABC genes among different organs and development stages,
the RNA-seq data from various tissues in barley were retrieved from IPK (https://webblast.ipk-gatersl
eben.de/barley_ibsc/index.php). The dataset, 14 stages, included the, root (ROO1, ROO2), leaves (LEA,
SEN), inflorescences (INF2, LOD, PAL, LEM, RAC), grain (CAR5, CAR15), etiolated seeding (ETI),
tillers (NOD), and epidermal strips (EPI). The transcript abundance of HABC genes was calculated as
fragments per kilobase of exon model per million mapped reads (FPKM) and log2 (FPKM+ 1) values
of invertase genes in these tissues were used to depict heatmaps. The cluster results were shown using
the Multiple Experiment Viewer (MeV) (J. Craig Venter Institute, La Jolla, CA, USA).

2.5. Stress Treatment, Total RNA Extraction, and qRT-PCR Analysis

The barley cultivar, Morex, was selected for stress treatments. Seedlings were grown on nutrient
solution [39] in growth chambers at 26 °C under a 14/10 h light/dark photoperiod and photosynthetically
activated radiation at 18,000 Ix. Two-leaf-stage plants were treated with different abiotic stress.
For drought, salt, and cadmium treatments, the seedlings were treated with 20% PEG6000, 200
mmol-L ! NaCl and 50 pmol-L ~! CdCl, nutrient solution for 24 h, respectively. All these leaf samples
were snap-frozen in liquid nitrogen and the total RNAs were isolated from young leaves using an RNA
kit (AxyPrep, USA). Then, the RNA was reverse-transcribed using the HifairTM II 1stStrand cDNA
Synthesis Kit following the manufacturer’s instructions. RNA extraction and cDNA synthesis from all
samples were stored at —80 °C for RNA extraction.

Based on NCBI, ABC transporters related to abiotic stress, such as rice, wheat and maize, were
retrieved. Then, the phylogenetic tree with barley ABC transporter (the method is the same as above)
was constructed, combined with the expression information of barley ABC gene, expression site,
and gene intron, 15 HvABC genes were selected to conduct qRT-PCR. cDNA obtained was used for
quantitative RT-PCR using SYBR Green Master Mix and a BioRad CFX96 real-time system. The qRT-PCR
experiments were performed with three biological and technical replicates. The relative expression
levels were calculated using the formula 2-AACT [40]. The result was analyzed using SigmaPlot v10.0.
Primers for gRT-PCR were designed using Primer Premier v5.0., using the website of Ensemble Plants
to verify the specificity of primers. The barley actin gene HvActin (HORVU1Hr1G002840) was used as
an internal control. The primers sequence used are listed in Table 1.
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Table 1. Primer sequence used for qRT-PCR amplification of ABC gene family in barley.

Gene Name Primer Forward Primer Sequence (5-3’)  Reverse Primer Sequence (5'-3')
HvABCG45 ABC1 GGCGGAACTGCTGTCATCT AGTCGGCAACACCCTTTCT
HvABCG48 ABC2 CAGCCTGGGTTCGTTTGAG TCGGAGTGATCGCCGTTGT
HvABCG38 ABC3 GGTTTGGATGCTCGTGCTG TGATTTGACCGCCTCTTTT
HvABCA3 ABC4 TGGGCTCATTCCACCTACA CCGTCAATGTTTCCCAGAG

HvABCF5 ABC5 TGGCTGGAAGAAACACTGAA  TCGGGTCTGCACATACTGGTC

HvABCF4 ABC6 CACATGCAGAACAAGACCCTC GCTTCGCAGATCCATGACC
HvABCC16 ABC7 GCCATTCGGCGACCATACA CACGAGCAAGCTGAACACG
HvABCC11 ABC8 GTCCTTGACGCTGATACTGG TAGCACTGGTGCCTCCTCC
HvABCB24 ABC9 TGATACTGGGATTTGGTTAGG  CGAATGGCACTGAGAATGAG
HvABCB13 ABC10 CGTTCAACTCGGAGGACAAGA  CCATGCAGCGTACCACAGG
HvABCG27 ABC11 GAGGGAGGCAGCGTCAAGCA  GCAGGATGGCGAACTGGTTG
HvABCG29 ABC12 AGGGCTTCCCGTTGTAGGTG TCGCATCCGTCATCACCATG
HvABCG25 ABC13 GTTCTGGATCGAGATGGGTGT  GAAGATGGTCGCCAGGATGA
HvABCG21 ABC14 ATACCGGCATACTGGCTGTGG ~ CCAGCACTCGCTCCTTCACC
HvABCG18 ABC15 TGCTCACCGCCAACTCATTC TCCTTGCTCGCCACGAAGT

HvActin Actin TGGATCGGAGGGTCCATCCT ~ GCACTTCCTGTGGACGATCGCTG
3. Results

3.1. Identification and Physicochemical Properties of the ABC Gene Family in Barley

Through multiple bioinformatics analyses, a total of 131 ABC transporter genes were identified in
barley (Supplementary Table S1). The barley ABC genes were classified according to their sequence
similarity with rice ABC genes and were further named HvABCA-HvABCG, HvABCI. Among the 131
HvABC proteins, all of the proteins contained one or more NBDs domains based on the domain
composition analysis of the ABC proteins.

Comprehensive information on the HvABCs, including the domain structure, predicted protein
length, exon number, molecular weight (MW), isoelectric point (PI), and subcellular localization, is
provided in Supplementary Table S1. The amino acid numbers scoped from 171 aa (HvABCG1) to
1628 aa (HvABCCY), and the corresponding molecular weight changed from 19391.19 to 182783.15
kD. The protein lengths of ABCA, ABCE, ABCF, and ABCI had few differences, while the protein
lengths of ABCB, ABCC, and ABCG varied greatly. In contrast, the variation in PI was small, with
the majority constituting basic proteins. Based on the subcellular localization prediction of 131 barley
ABC genes, 99 ABC genes were detected to be localized on the plasma membrane, which confirmed that
most of the ABC transporters are bound to the plasma membrane and are responsible for the efflux of
intracellular substances, while only a few are present on the vacuoles, chloroplasts, and mitochondria
in these organelles. ABC transporters mainly regulate the division of exogenic substances into
the organelles, which also reflect the endosymbiotic origin of the plastids and mitochondria [41].
Previous studies on the ABCC subfamily have shown that ABCCs are involved in cellular detoxification,
which may contribute to the complexation of toxins and heavy metal ions with glutathione or organic
acids for storage in the vacuoles or transportation out of cells [42,43]. All 22 genes of the ABCC
subfamily in barley reside in the plasma membrane.

3.2. Phylogenetic Analysis of the ABC Gene Family in Barley

Previous studies have consistently demonstrated that the ABC gene family underwent
species-specific amplification after the divergence between dicotyledonous and monocotyledonous
plants [44]. Exploring the relationship between HvABC proteins and OsABC proteins could help
classify and assess the potential functions of HvABCs. For further classification, ABC sequences from
two different plant species, including 131 HvABC proteins and 100 OsABC proteins, were subjected
to phylogenetic analysis. Based on the phylogenetic relationships with OsABCs, the HvABCs were
divided into eight subfamilies (ABCA-ABCG, ABCI) (Figure 1). In the light of phylogenetic tree,
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except ABCI were dispersed, the HvABC proteins of each subfamily were clustered together. Among
those subfamilies, the ABCB and ABCG subfamily had the greatest number of members with 32 genes
and 49 genes, accounting for 21.97% and 37.12%, respectively. Only three members were identified
in ABCE (Supplementary Table S1). Further investigation revealed that the HvABCE and HvABCF
proteins contained two NBDs but, as expected, no TMD. Although their NBDs domains share
sequence homology with other members of the ABC gene family in barley, they are not transposons
in the conventional sense and have no obvious transport function. Analysis of the phylogenetic tree
terminal branches indicated that there were 67 pairs of orthologous proteins between species, among
which the ABCG and ABCB subfamily were the greatest with 23 pairs and 18 pairs, respectively,
indicating that the ABC gene family retained very high homology in the evolution of barley and rice.
In addition, there were 20 pairs of paralogs, among which the ABCA, ABCB, ABCC, and ABCG
subfamilies of barley contained one, four, three, and five pairs, respectively, and there were seven pairs
of paralogs in rice; that is, the ABCB, ABCC, and ABCG subfamilies contained two, one, and four pairs,
respectively. The above findings can infer that the members of the ABC gene family of barley may
have evolved independently and expanded in a species-specific way.

Tree scale: 0.1 ————

Colored ranges
[ asci
|71 aBcA
M Ascs
[T aBcc
[ Asco
[ asce
[] ascF
W asce

Figure 1. Unrooted Neighbor-Joining tree constructed with ABC proteins of Hordeum vulgare L. (HORVV)
and Oryza sativa L. (ORYS]). The domains clustered into eight subgroups (ABCA-ABCG, ABCI). Different
colored shadings indicated eight ABC transporter subfamilies. The red branch is barley, and the black
branch is rice.

3.3. Chromosome Mapping of the ABC Gene Family in Barley

A total of 131 HvABCs were mapped on the seven chromosomes, and the remaining three
genes were distributed on unanchored scaffolds (Figure 2). Chromosome mapping revealed that
the HvABC genes were mostly concentrated on or near the end of the chromosomes where they exhibited
a high variation in their distribution. In addition, 31 genes, the maximum number, were located on
chromosome 3H. On the contrary, chromosome 6H contained only nine genes. As shown in Figure 2,
eight HvABCs clusters (HvABCA4/HvABCA7, HvABCB11/HvABCB16/HvABCB22, HvABCB4/HvABCB27,
HvABCG29/HvABCB23, HvABCC22/HvABCC2, HvABCC6/HvABCC8, HvABCC16/HvABCC15/HvABCII,
and HvABCC13/HvABCG1) containing 18 genes were identified on chromosomes 1H, 3H, 4H, and 7H.
Tandem duplication was an important recent gene duplication pattern in the expansion of HvABCs
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gene family. These may be caused by tandem repeat genes.
tandem repeat arrays.

Therefore, these gene clusters may be
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Figure 2. Mapping of the HvABC genes on Hordeum vulgare L. chromosomes. The chromosome number
is indicated at the top of each chromosome. Three putative HVABC genes could not be localized on
a specific chromosome.

3.4. Analysis of Exon-Intron Structure and Conserved Domain of the ABC Gene Family in Barley

To further explore the conservation and diversity of protein structures and compositions of HvABCs,
the corresponding analysis is carried out by MEME and GSDS website. The result (Supplementary
Figure S1) showed that most of the HvABC proteins (122 of 131, 93.1%) presented multiple introns,
while nine HvABC genes (HvABCG14, HVABCG15, HDABCG12, HvABCG26, HDABCG16, HVABCG28,
HvABCG17, HPABCG3, HvABCG1, HvABCI7, and HvABCI2) had no introns. These nine genes may have
originated from the transposable events of reverse transcription. The number and size of the introns
varied in the remaining 122 genes, indicating significant differences in gene structure. It can also be
speculated that intron deletion and insertion events occurred in the evolutionary process, which may be
caused by the differentiation of ABC gene family members after replication. The exons of all identified
HvABC genes ranged from 1 to 30, among which the number of ABC genes with 10 exons was the highest,
accounting for 9.92%.
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MEME motif analysis identified seven conserved motifs in the HvABC proteins. Combining the domain
characteristics of each subfamily, we analyzed the conservative motifs (Supplementary Figure S2).
The number of conserved motifs in each HvABC protein varies from one to five. The results (Figure 3)
indicate that all seven highly conserved motifs belong to the NBD domain, which also suggests that
the NBD sequence identity was higher than that of the TMDs. Among them, motif 2 is the Walker A in
the nucleotide binding domains, and motif 6 is the Walker B in the nucleotide binding domains, and the
motif between Walker A and Walker B is the ABC characteristic motif; that is, motif 1, motif 3, motif 4, motif
5, and motif 7. However, the [LIVMFY] subunit in motif 1 contains other residues (Table 2), and motif 6 in
Walker B is interrupted by a hydrophilic residue. This phenomenon is currently only observed in plant ABC
transporters [45]. The result also shows that several motifs are widely distributed in the HvABC proteins,
such as motifs 1 and 2. In contrast, other motifs are specific to only one or two subfamilies. For instance,
only ABCB and ABCC subfamilies contain motif 3, and motif 7 exists only in ABCC and ABCIL. ABCG
and ABCF contain the specific motif 4, and these motifs are probably required for specific protein functions.
The functional differentiation in HvABCs during the evolutionary process may be due to the diversity of
motif components in the different subfamilies.

Motif 1 j STE§§2R¥§
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Figure 3. Conserve amino acid in seven motifs of ABC gene family in barley. Motif analysis and the
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sequence logos was performed using MEME website.

Table 2. Seven conservative motif protein sequences given by the MEME online tool.

Motif Protein Sequence

Motifl GLSGGQKQRVAIARALLABPSILLLDEPTSGLDAESAAIVM
Motif2 LLKGISLSFRPGELVALVGPSGSGKST

Motif3 ERFYDPTAGEIL]JDGVDIKSJGLHWLRSKJGJVPQEPTLFMGSIRENIDY
Motif4 VGEMGRNLSGGQRQRVALARAJLKPPKILLLDEATAALDSET
Motif5 SGYVEQBDIHSPNLTVYESLLFSAWLRLPSDVSSAEKRMFV
Motif6 HRLETLRLFDDILVLSDGKIVEQGPHEEL

Motif7 VCGSIAYVSQTAWIQSGTIQDNILFGSPMDRERYEEVJEACSLVKDLEML
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3.5. Tissue-Specific Expression of ABC Genes in Barley

Tissue-specific expression patterns of genes can help elucidate their function in plant species
and predict their role in growth and development. To further elucidate the expression profiles of
HvABCs in different tissues and developmental stages, we used expression data of different tissues from
the IPK website as a resource. A heatmap displaying the expression data of HvABCs in different periods
as well as in the tissues and organs was generated, and the HvABCs were clustered by their expression
patterns. Tissue specific expression profiles showed that the HvABC genes could be categorized into
eight types (Figure 4), which indicated that the expression of ABC genes had undergone significant
differentiation. Furthermore, the expression data clustering results did not clearly correspond to
the subfamilies differentiated by the phylogenetic analysis, indicating that sequence similarity does
not completely determine expression pattern and function similarity.

4.550008
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il
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Figure 4. Heatmap showing the expression pattern of HvABC genes in developmental stages and tissues,
including ROO1 (Roots from seedings), ROO2 (Roots), LEA (Shoots from seedings), ETI (Etiolated
seeding, dark cond), INF2 (Developing inflorescences), PAL (Dissected inflorescences), LEM/LOD/RAC
(inflorescences, lemma/lodicule/rachis), NOD (Developing tillers), CAR5/CAR15 (Developing grain, 5
DAP/15 DAP), EPI (Epidermal strips), SEN (Senescing leaves). The combined phylogenetic trees of
HvABCs genes on the left panel. The scale bar at the top represents relative expression value. Red
denotes high expression levels, and green denotes low expression levels.
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In this study, a total of 127 HvABCs were determined as being expressed in at least one tissue
(the FPKM values of HvABCB1, HvABCC3, HvABCC4, and HvABCG?Y in the 15 tissues were all 0),
and 92 HvABCs were expressed in all tissues. The tissue-specific expression profile showed that
some HvABC gene family members did not have tissue specificity and highlighted an essential role
in almost all growth and developmental stages. As the Figure 4 shows, the majority of HvABCs
presented different expression patterns, whereas a few exhibited similar expression patterns. Some
ABCC subfamily genes were ubiquitously and highly expressed in all the tissues, especially the root,
such as HYABCC1, HvABCC7, and HvABCC18. Some HvABCs also exhibited tissue-specific expression;
for instance, HvABCG10 only specifically expressed in the leaf tissues, HvABCB11 and HvABCB16
specifically expressed in the developing grain, and HvABCG12, HYABCG14, and HvABCG29 were high
during tiller development, implying that these genes may play specific roles in the relevant tissues.

3.6. Expression Analysis of ABC Genes in Barley in Response to Abiotic Stress

Research has found that plant ABC transporters play a major role in auxin, heavy metal transport,
and abiotic stress, especially the ABCG subfamily and ABCB subfamily [46]. In this study, a total of 15
HvABC genes were identified using bioinformatics methods, including one HvABCA, two HvABCBs,
two HvABCCs, two HvABCFs, and eight HVABCGs. The expression responses of selected HvABC genes
under NaCl, PEG, and Cd treatment conditions were examined using qRT-PCR in our study.

A range of expression levels were observed in the selected HvABCs at 24 h after exposure to
Cd, drought, and salt stress. The analyses revealed that different members within each HvABC
subfamily responded differently to the same set of abiotic stresses. Compared with the control levels,
the results showed that the expression levels of 13 of the 15 identified HVABC genes increased in
response to Cd stress. The most pronounced increases were observed in HvABCA3 and HvABCG29,
whereas HvABCG38 and HvABCG21 were dramatically repressed by Cd stress (Figure 5A). Under salt
stress conditions, most HVABC genes exhibited the opposite pattern to Cd stress, with HvABCG48,
HvABCF4, HvABCB24, and HvABCG25 being repressed (Figure 5B). Expression analysis following
PEG treatment indicated that ABC genes were upregulated by 1.0 times, including HvABCG45,
HvABCG48, HvABCA3, HvABCF5, HVABCF4, HVABCC16, HABCC11, and HvABCB13. Under different
abiotic stresses, HVABC genes showed different response patterns and different response degrees.
Among the 15 HvABC genes, HVABCG38 was repressed after all the stress treatments, whereas
the expression of other genes, including HvABCG45, HvABCA3, HvABCF5, HvABCC16, HvABCC11,
HvABCB13, HvABCG27, HvABCG29, and HvABCG18, was increased by the stress treatments (Figure 5C).
Conversely, the expressions of HvABCG4, HvABCG25, HvABCG21, HvABCF4, and HvABCB24 were
enhanced or induced by the stress treatments.
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Figure 5. gqRT-PCR analysis of 15 HoABC genes in response to (A) 50 pmol-L ™t CdCl, (B) 200 mmol-L
NaCl (C) 20% PEG6000. columns in black represent CK, columns in gray represent abiotic stress.
ANOVA and LSD was used to test significance. Asterisks indicate the corresponding gene significantly
up- or down-regulated compared with the untreated control (* p < 0.05, ** p < 0.01, *** p < 0.001) Data
are the means of three replicates with standard errors represented by bars.

4. Discussion

The ATP-binding cassette (ABC) transporters belong to a large superfamily of proteins, which are
ubiquitous and important in all kind of life events for all life organism [9,47]. In plants, ABC transporters
participate in the transport of exogenous substances and secondary metabolites and in the abiotic stress
response, as well as in many other important physiological and developmental processes [6,21].

Because of repeated genome replication, the number of ABC proteins in plants is much higher than
in animals. Given the important regulatory role of ABC transporters in plant growth and development,
bioinformatics analysis of ABC family genes has been conducted in Arabidopsis [15], rice [48], maize [17],
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Lotus corniculatus [49], grape [50], Brassica napus [16], and other important plants. Thus far, most
research into the functions of ABC transporters has been concentrated on Arabidopsis. In this study, 131
HvABC proteins were identified genome-wide in barley (Supplementary Table S1), which is similar
to the number of genes identified in rice and Arabidopsis [15,48]. Additionally, phylogenetic analysis
divided the protein sequences of barley and rice into eight subfamilies, including ABCA-ABCG
and ABCI (Figure 1). In each subfamily, the ABC orthologous genes reflect the sequence similarity
of barley and rice, and relatively, the emergence of paralogous genes indicates differentiation It is
presumed that the barley genome experienced whole-genome replication events before the separation
of gramineous species. All HvABC genes have at least one NBD domain, which indicates that NBD is
aunique domain of ABC transporters. The HvABC transporter domain has various organizational forms
that can be split into full-size members, half-sized transporters, and 1/4 molecular transporters [8,9].
HvABC include multi-domains, whereas few genes generally contain only one NBD domain. This
phenomenon has been confirmed in SLABCB27 of the tomato ABC gene family [51]. Conserved
sequence analysis also reflects the uniqueness of the ABC domain and the high conservation of NBDs.
On the contrary, the sequences and structures of TMDs differ, which reflects the chemical diversity of
the substrates transported by ABC transporters. The members of the HvABC gene family have large
functional differences, with large span amino acid, as well as large differences in isoelectric point and pH
value (Supplementary Table S1). In short, the structural differences also reflect the different functions.

Gene expression pattern is an important starting point for further evolution and function research.
Thus, we conducted expression analysis for all HvABCs in 15 tissues and organs. Except for a few
genes, most HVABCs did not exhibit clear tissue specificity (Figure 4), indicating that HvABCs play
arole in all aspects of plant growth. Studies have shown that Arabidopsis AtABCB19 participates in
the regulation of the separation of post-embryonic organs and cytoplasmic flow in the inflorescence
axis of Arabidopsis [52,53], while AtABCBI plays a major role in another development, and AtABCB19
plays a synergistic role [54]. The AtABCG11 protein is distributed in the stems, leaves, and floral
organs of plants and is involved in the transportation of paraffin wax and grease substances on
the surface of plants.

Previous studies have found that the ABCB subfamily may be closely associated with abiotic stress
in plants [17,55,56]. For example, AtABCB25 is related to heavy metal resistance in Arabidopsis, and the
overexpression of AtABCB25 can improve the resistance of Arabidopsis to Cd and lead [57]. OsABCB23
and OsABCB24 are induced by drought stress, while OsABCB6, OsABCBY9, and OsABCBS are induced
by salt stress [48,58]. OsABCB27, located on the vacuolar membrane, participates in the response of
rice to aluminum stress [59]. Under drought stress, the expression of the ZmABCB7 and ZmABCBS8
genes increases significantly, while the expression of ZmABCB18 is significantly inhibited by salt
stress [17]. In this study, it was found that the expression of HvABCB13 was significantly increased
under Cd, drought, and salt stress, while HvABCB24 was inhibited by salt stress and drought, but
could respond significantly to Cd stress. ABCG transporters excrete wax and keratinous monomers,
thus reducing water loss [60]. AtABCG12 participates in the transmembrane transport of cuticular
wax in the stem epidermis, AtABCG32 is involved in the formation of the cell wall cuticle, and the
AtABCG32 transporter substrate is a keratinous monomer. When plants suffer from drought stress,
AtABCG40 increases abscisic acid production to timeously close the stomata [61]. At the same time, as
the largest subfamily, ABCG also plays an important role in abiotic stress. SpTUR?2 in duckweed is
expressed upon exposure to salicylic acid, cold, and high-salt environments [62]. The overexpression
of the AtABCG36 gene can improve the resistance of Arabidopsis to salt and drought [63]. The ABCG
transporter OsABCGJ in rice roots responds significantly to PEG, zinc, and Cd stress, and its expression
is closely related to redox mechanism and heavy metal stress [64]. Our study shows that the HYABCG
subfamily responded to salt, drought, and Cd stress to different degrees. HVABCG45, HvABCG27,
HvABCG29, and HvABCG18 were concurrently involved in three types of stress induction. In addition,
HvABCG38 and HvABCG21 could significantly respond to salt stress, and their expression levels
decreased significantly after drought and Cd treatments. HvABCG48 and HvABCG25 were significantly
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upregulated under drought and Cd stress but were inhibited by salt stress (Figure 5). This also confirms
that the HvABCB and HvABCG subfamily are involved in the abiotic stress response, and most HvABC
genes are regulated by at least one abiotic stress factor.

A genome-wide analysis of ABC gene family in barley was carried out in the present study.
The phylogenetic relationships, gene structures, chromosome locations, and expression profiles
of HvABCs were studied in detail. Furthermore, 15 genes responding to abiotic stress were
preliminarily screened, and the expression levels of the genes following stress treatment were analyzed.
Taken together, our study revealed the functional diversity of HvABCs proteins and provided candidate
ABC genes for future breeding to various stresses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/10/1281/s1,
Figure S1. Intron-exon structures of the ABC genes in barley. Analysis of HvABC genes structure using GSDS
online tool. Yellow boxes indicate the coding sequences (CDS), blue rectangles indicate UTR, while black lines
indicate introns. Figure S2. The motif analysis of ABC family in barley. Seven conservative motifs were identified
and were represented by different colors. The black solid line represents the corresponding HvABC protein and its
length. The position of the motif on the sequence was labeled. Table S1: Physicochemical properties, domain
and subcellular localization of ABC proteins in barley.
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Abstract: Dendrobium catenatum is a member of epiphytic orchids with extensive range of
pharmacological properties and ornamental values. Superoxide dismutase (SOD), a key member of
antioxidant system, plays a vital role in protecting plants against oxidative damage caused by various
biotic and abiotic stresses. So far, little is known about the SOD gene family in D. catenatum. In this
study, eight SOD genes, including four Cu/ZnSODs, three FeSODs and one MnSOD, were identified
in D. catenatum genome. Phylogenetic analyses of SOD proteins in D. catenatum and several other
species revealed that these SOD proteins can be assigned to three subfamilies based on their
metal co-factors. Moreover, the similarities in conserved motifs and gene structures in the same
subfamily corroborated their classification and inferred evolutionary relationships. There were
many hormone and stress response elements in DcaSODs, of which light responsiveness elements
was the largest group. All DcaSODs displayed tissue-specific expression patterns and exhibited
abundant expression levels in flower and leaf. According to public RNA-seq data and qRT-PCR
analysis showed that the almost DcaSODs, except for DcaFSD2, were highly expressed under cold and
drought treatments. Under heat, light, and salt stresses, DcaCSD1, DcaCSD2, DcaCSD3 were always
significantly up-regulated, which may play a vital role in coping with various stresses. The expression
levels of DcaFSD1 and DcaFSD2 were promoted by high light, suggesting their important roles in
light response. These findings provided valuable information for further research on DcaSODs in
D. catenatum.

Keywords: Dendrobium catenatum; superoxide dismutase (SOD); gene family; gene expression; stresses

1. Introduction

Dendrobium catenatum, belonging to Dendrobium genus (Orchidaceae), is a member of epiphytic
orchids which takes root on the surface of tree bark or rocks [1]. Due to the special living environment,
D. catenatum evolved novel features and sophisticated defense mechanisms that allow it to exploit its
environment and against serious abiotic stresses, including thick leaves, abundant polysaccharides
and facultative crassulaceaen acid (CAM) metabolism that is a photosynthetic pathway with high
water-use efficiency [2-6]. D. catenatum is considered to be drought-resistant material useful for
elucidating mechanisms of mitigating drought stress [2,5,6]. Additionally, D. catenatum is a well-known
traditional Chinese medicinal herb, and has both an extensive range of pharmacological properties
and ornamental values. Stem of D. catenatum contains a large number of polysaccharides that exhibits
anti-inflammatory, immune-enhancing, antioxidant, and anti-glycation activities [7,8]. Light and
water affected significantly the accumulation of polysaccharides [2,6]. Consequently, study on the
D. catenatum not only has important scientific value, but also has important economic value.
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The increased production of toxic reactive oxygen species (ROS) is considered to be a universal
or common feature of stress conditions. ROS includes hydrogen peroxide (H,O,), superoxide anion
radicals (O,7), peroxyl radicals (HOO-), hydroxyl radicals (OH-), and singlet oxygens (*Oy) [9,10].
The antioxidant defense system constitutes the first line of defense against ROS produced in response
to abiotic stresses. The superoxide dismutase (SOD) can catalyze the dismutation of supeoxide to H,O,
and O,' and is one of the most effective components of the antioxidant defense system in plant cells
against ROS toxicity. SODs, which are localized at different cellular compartments, could be categorized
into three subgroups based on metal co-factors: Cu/ZnSOD, FeSOD and MnSOD [11]. Because of
their crucial roles in the antioxidant system, SODs have been reported to be involved in protection
against abiotic stresses such as heat, cold, drought and salinity [12-15]. For example, Overexpression
of Cu/ZnSODs in potato indicated that transgenic plants exhibited increased tolerance to oxidative
stress [12]. Asensio etal. [14] indicated that stress conditions, such as nitrate excess or drought markedly
increased anti-cytosolic FeSOD (cyt-FeSOD) contents in soybean tissues. Currently, the SOD gene
family had been identified in many species, such as banana [15], Arabidopsis thaliana [16], tomato [17],
cucumber [18], cotton [19], wheat [20], and Salvia miltiorrhiza [21]. To date, the characters of SOD
genes and their roles in stress resistance of D. catenatum are still largely unknown. In this study,
we perform a genome-wide analysis of SOD genes in D. catenatum genome, and investigated their
characteristics, including physicochemical properties, structural characteristics and evolutionary
relationships, and responses to abiotic stress. Together, our study provides a foundation for further
investigation into its function of the SOD family in D. catenatum.

2. Results

2.1. Identification of SOD Gene Family Members in Dendrobium catenatum

After strict screening, a total of eight DcaSOD genes were identified in the D. catenatum genome
(Table 1, Table S1). These DcaSOD genes were termed as DcaCSD1, DcaCSD2, DcaCSD3, DcaCSD4,
DcaFSD1, DcaFSD2, DcaFSD3 and DcaMSD1, and were assigned to three subfamilies according to
their functional annotations. The number of amino acids of DcaSOD proteins ranged from 269 amino
acids (aa) (DcaFSD2) to 76 aa (DcaFSD3) with an average of 196 aa. The molecular weights (MW)
changed from 15.31 (DcaCSD2) to 30.78 kDa (DcaFSD2) with isoelectric points of 4.91 (DcaFSD2)—8.61
(DcaMSD1). The subcellular localization of eight DcaSOD proteins were predicted by ProComp. The
results showed that DcaCSD1, DcaFSD1, and DcaFSD2 may be located in the chloroplast. DcaCSD2,
DcaCSD3 and DcaCSD4 were predictably located in the cytoplasmic. In addition, the DcaMSD1 was
predictably located in the mitochondria. The grand average of hydropathicity (GRAVY) of these
DcaSOD proteins implied that DcaCSD1 and DcaFSD3 were hydrophobic protein, and other DcaSOD
proteins were hydrophilic protein.

2.2. Phylogenetic Analysis of DcaSOD Proteins

To further explore the classification and evolutionary characteristics of these DcaSODs,
multiple sequence alignment of DcaSOD protein sequences with their homologs from Arabidopsis,
Oryza sativa, Phalaenopsis equestris and Apostasia shenzhenica was carried out. An un-rooted phylogenetic
tree showed that all SOD genes were divided into three groups, named CSD, FSD and MSD subfamily
(Figure 1, Table S1). The CSD subfamily had the most members (20), followed by the FSD (15) and
MSD subfamily (6). We found that all DcaSOD proteins were much closer to PeqSOD proteins than
AshSOD proteins.

2.3. Conserved Motifs, Gene Structures, Distribution, and cis-Elements Analysis

A total of seven motifs ranging from 21 to 50 aa were searched by MEME analysis. As shown in
Figure 2, almost all members in the same subfamily shared common motif compositions with each other,
suggesting functional similarities among these SOD proteins within the same subfamily. Motif 2 was
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widely distributed across almost all SOD proteins, except for PeqCSD5 and DcaFSD3. The members of
CSD subfamily contained the motifs 1, 2, 4, and 7. The members of MSD subfamily contained the motifs
2,3,and 6. Motif 5 was presented in the members of FSD subfamily, except for DcaFSD3. The predicted
exon-intron structures were analyzed to gain an insight into the variation of SOD genes in D. catenatum.
The results showed that the exons numbers of DcaSOD genes ranged from 2 (DcaFSD3) to 8 (DcaCSD1)
(Figure 3a). In addition, the identified eight DcaSOD genes were mapped onto scaffolds, which showed
that they distributed in eight different scaffolds (Figure 3b). Multiple sequence alignment of the eight
DcaSOD amino acid sequences was performed and the results showed that all DcaCSDs contained the
Cu/ZnSOD signatures (G[FL]H[VLIJH[DEGS][FY]GD[TI]) and (GNAG[GA]R[LI][AG]CG) (Figure 3c).
The conserved metal-binding domain (D[MV]WE[VH][TA][IY][LY]) were found in DcaFSDs and
DcaMSD. In addition, the signature (A[EQ][VTIWNHDFFW|[EQ]S) responsible for the recognition of
iron ion by FeSODs were identified in DcaFSDs, except for DcaFSD3.

To further explore the potential functions of DcaSOD genes during plant growth and stress
responses, the sequences of the 2.0 kb region upstream of the translation initiation site of each of
DcaSOD genes were analysis using the PlantCARE. In total, 142 cis-elements related to hormones
and stresses responses were identified in all identified DcaSOD promoters (Figure 4). Among these
predicted cis-elements, the light responsiveness element was the largest group including Box 4 (25),
G-Box (7), GT1-motif (10), I-box (8), TCT-motif (8), TCCC-motif (2) and others (17) (Table S2). The Box
4 (25), the most light-responsive element was present in 6 DcaSOD promoters. Fourteen CGTCA-motif
and 14 TGACG-motif, both of which are involved in MeJA-responsiveness, were identified in five
DcaSOD promoters, respectively. ABRE was abscisic acid (ABA) responsiveness element and was
present exclusively in DeaFSD1 and DcaFSD2 promoters. DcaCSD2 and DcaFSD1 promoters contained
low-temperature-responsive element (LTR) that was involved in response to cold stress. TATC-box and
P-box that were gibberellin-responsive element were found to be present in three and three DcaSOD
promoters, respectively. The TCA-element that was involved in salicylic acid responsiveness were
found to be present in DcaCSD2 and DcaCSD3 promoters. In addition, eight ARE cis-elements involved
in anaerobic induction were identified in five DcaSOD promoters. There was only a cis-element was
identified in DcaFSD3 promoter, which is due to many gaps in its promoter region.
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Figure 1. Phylogenetic tree of SOD proteins from D. catenatum, Arabidopsis, Oryza sativa, Phalaenopsis equestris
and Apostasia shenzhenica. The phylogenetic tree was constructed using the Maximum- Likelihood (ML)
method with 1000 bootstrap replications. The three subfamilies were distinguished in different colors.
The identified DcaSOD proteins were highlighted by red.

AthCSD1 - - Vot 1
DcaCSD2 - - [— e
PeqCSD2 -0 1 —
~PeqCSD5 I . Vot 6
AShCSD2 - el
——OryCSD3 -
OryCSD1 ]
I AhCSD2 - -
U OryGSD2  — i -
DcaCsD4 — -
~—PeqCsD3 —— -
[ “—AshcsDs — mmmwn———
AhCSD3  ———— - - .
L’i DcaCSD3 ——— - -
n PeqCSD1 ————— E—
‘ —AshCSD4 —— - .
| OryCSD4 ] -
I DcaCSD1 .
‘ PeqCSD4 ———— 1 I
—AshCsD1 ==
il AthMsD2 —— I — .
[‘—Ammsm =] =
H DcaMsD! ——ll——— I —l—
If PegMSD! ——l——— W —I—
il AshFSD1 = - b
oymspt —E——E— I —
AthFSD3  — -

OryFsD2
DeaFSD1
DcaFSD3
PeqFSD5
PeqFSD4
AshFSD2
OryFsD1
DeaFSD2
J T PeqFSD1
[ PeqFsD2
: PeqFSD3
AShFSD3
AFSD2
AtFSD1

Figure 2. The motif composition and distribution of SOD proteins in D. catenatum, Arabidopsis, O. sativa
and P. equestris and A. shenzhenica. The colored boxes with numbers represent seven motif. The identified
DcaSOD proteins were highlighted by red.

55



Plants 2020, 9, 1452

DoaCsD1 l H | | }
a A)GaCSDSI—H—H b
. = = - b
csoalll I & £ oo 3 [ oeecens p——
- ol
Deal SD2”| | i ;g 2 & DaaFsD1 5 2 [ ] g=
1B B 2 2 3
g N N N - N
X X x - x
DcaCSD4 § - S
g . & -
K & 1z 2 =
| 8 5 e I g 8 @ 0caCsD
DcaMSD1 g 0 & S .
| g N o 2
Lg = ey N
g g =
DoaF$D2 12 DeaFSD2
-] DcaCSD1
DcaFSD‘I H I “ i
DcaFSD4|
o : 5
] 2000 4000 6000 BLOO 1000012000 14000 16000
Cc 1 10 20 30 a0 so 50 70 s0
DcaCsD1 .. ... . MQTILAAMBAHTVL:SAAPPYASLPPPPPPASSASLPLSTFVVEYPLRISLLQSSNPAAVPKPLAVAAAPSTKKAVAV GSSQVEGI
DcaCsD3 .MASVPAAANAIIAAKPSCSPLLPLSPSS .CPFSSALSGQPLRLQSRRFAAAVMPRRMTVVFAKKKAVAV| GSSKVEGV
DcaCsD2 - - B RS ES ES A PR S e AT e BN AR e B 8w .MVEKAIAV| GSEEVKG.
Decacsb4 MSAGG“LKGUVLIASG GNNVVGEGES
DcaFsD1 MTLLVSPCRQFTPFPLFSHHALKLEFVSLRKPLKRRKSHGSEKSSRULGYYGLTAPPYKLDALEPYMSKRTLELHWGGYHHDYVES KQLKNSSL
DcaFsD3 MRIIEITIEKGVSYMILPA NTAN
DecaFsD2 RN - MAEKEHRKMVVSEEAAVR QCQSALEPYMSQETVKRHWGRHHREHLMS THIAGSEL
DoaMBDL .. ........ MALRASAARKTLGI!WFRVGKSMAVGGLGHRQARGLQTFSLPDLPYDYGALEPAISAEIMQLHHQKHHQ’IYITN KALEQLD

90 100 110 120 139 140 159 160 179

DeacsDl VTLLQENDGSPTTVKVRVSGLTPGEH] puvunnaczsmsumpmm:mcgpmumum GNIFENSDGVAEATIVDAQ

DcacSD3 VTLVQEDDG . PTTVNVRVTGLTPGSHGFHLHE[F|GDTINGCISTGAHFNPNSLTHGAPEDEVRHAGD[LGNIVNDEGIAEATIVDNQ
DcaCSD2 TIFFAQOEGDGETKVTGVISGLKPGLHGFHVHGFGDTINGCLSTGAHFNEPDGKEHGAPEDENRHAGD[L GNVKRIGEDGTATVEVSDLO
DcaCSD4 LNFFEDOSTGF THVSGKITGLS PGLHGLHIHLS) GDT NGCNSTGPHFNPFKKLHGAPNDVERHAGD[LGNVSRDEHGVANVSLKDLO
DcaFSD1 YGYTLEELIKTTYNNGNPLPEF NN, EFMQSEMGLEGS GHVWLVLK

DeaWgD3: Lol e s T WREA sl
DcaPSD2 NEMPLEETVLASYNKGDYLBVETH EFKTARLTOFGS GRVWLTYKSNRLDVGNAY
DesMSD1 ERVNK[GETAKVVHLQSAIKFNGGGHVNHS L i K INAEGRALOGS GWVWLALD
180 190
DcaCsD1 ... IPLSGPTAMIGRSFMVHELEPDLG
DcacSP3 . ....IPLEGPNSVVGRAFVVHELEPD[LGKGEHELSLTTIENAGGRLAIGKLMLETVASSFHEYS .. ... ottt ettt
DcaCSD2 . ....IPLTGPNSIIGRAVVVHADPDD[LGKGGHELSKS TGNAGGRLALIGIIGLOA . .. o vvoev e et o ee e e
Decacspa .. .IPLSGPNSILGRALVVHADP[DD :
DecaFsSD1 .. .REEKRLAVVRTSNA[VCPLVF[DD :
DecaFsD3 REEKRLAVVRTSNAN CPLVE[DD)
DeaFSD2 NPCPSAEDNKLVVAKTPNAINPLVWDY|S PLLAIDVWEHAYYLDYENQRAEYISVEMDKLYSWDFVS SRLAMAFARDEERARKDASNSEEDDLVLAD
DesMSDL . KEAKKLRVETIAN QDPLITKGTNEI PLLGIDVIWEHRY YLOYKNVRPD YLKNIWNVINWKYATIEVYGNEVA . oot v evnnnnennnn
DeacsDl
DcacsD3
DeacsD2
DcacsDé
DecaFSD1
DcaFsD3
DcaPSD2 SAAREMFLDSDDDGAETE
DesMSD1

Figure 3. Gene structures, locations, and multiple sequence alignment of DcaSOD genes. (a) Gene structures
of DcaSOD genes. Exons and introns were represented by green ellipses and gray lines, respectively.
(b) Locations of DcaSOD genes. The orange bars indicate the different scaffolds of D. catenatum genome.
(c) Multiple sequence alignment of amino acid sequences of DcaSOD proteins. Cu/ZnSOD signatures
(G[FLJH[VLIJH[DEGS][FY]GDI|TI]) and (GNAG[GA]R[LIJ[AG]CG) are boxed in red. The conserved
metal-binding domain (D[MV]WE[VH][TA][IY][LY]) for Fe-MnSOD is in yellow box. The signature
(A[EQ][VT]WNHDFFWIEQ]S) responsible for the recognition of iron ion by FeSODs in boxed in green.
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Figure 4. Cis-elements in promoters of DcaSOD genes that are related to hormone and stresses responses.
The bar indicates that the number of cis-elements.

2.4. Distinct Expression Profiles of DcaSOD Genes in Different Tissues, Cold and Drought Responses

To analyze the expression profiles of eight DcaSOD genes, we investigated their transcripts
abundance patterns across multiple tissues including flower, leaf, stem, and root based on public
RNA-seq data. The heat map showed that almost all DcaSOD genes had tissue-specific expression
patterns (Figure 5a). Most of them were highly expression level in flower and leaf, especially DcaCSD2,
DcaCSD3, DcaCSD4 and DcaMSD1, and were lowly expressed in root and stem. Under cold treatment
(0 °C for 20 h), the expression levels of DcaCSD1, DcaCSD3, DcaCSD4, DcaFSD1 and DcaFSD3 increased
by cold treatment (Figure 5b). Of them, the expression level of DcaFSD3 under cold treatment was
more than three times than that of control. DcaCSD2 and DcaMSD1 showed constitutive expression
with high expression levels in leaves under control and cold treatment.
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Figure 5. Expression profiles of DcaSOD genes in different tissues, cold and drought treatments.
(a) Tissues. (b) Cold treatment. (c) Drought treatment. The Fragments Per Kilobase Million (FPKM)
values of genes in samples were showed by different colored rectangles. Red indicates high expression
level. Blue indicates low expression level.

To achieve a better understanding of the roles of SODs under drought in D. catenatum, we used
public RNA-seq data to analyze the transcriptomes of leaves under control (30-35% volumetric water

57



Plants 2020, 9, 1452

content) and serious drought (0% volumetric water content), were collected at 09:00 (designed as
moist-day MDR and dried-day DDR) and 21:00 (designed as moist-night MNR and dried-night DNR)
(Figure 5¢). Under drought treatment, the expression of all DcaSOD genes were up-regulated at night
and in the daytime. The expression levels of DcaCSD2 were six and two times under drought than
that of control at night and in the daytime, respectively. The expression levels of DcaCSD1 were three
and two times under drought than that of control at night and in the daytime, respectively. It is
notable that the four DcaCSDs were highly expressed in DNR than in DDR. Among the FSD subfamily,
the expression levels of DcaFSD3 were three and two times under drought than that of control at night
and in the daytime, respectively. After differentially expressed genes (DEGs) identification between
DDR, DNR, MDR and MNR, a total of 5478 DEGs were identified (fold change > 2 and FDR < 0.01)
(Table S3). DcaCSD1 and DcaCSD?2 genes were annotated as DEGs. The Pearson correlation analysis
was carried out to predict the relationship between the two DcaSODs and other DEGs, considering
positive (>0.99) and negative (<—0.99) relationship with p-value < 0.005 (Table 2). In our result,
two genes showed negative correlation with the DcaCSD1, while 13 genes were detected as positive.
There were 12 negative correlation genes and three positive correlation genes with the DcaCSD?2.

2.5. qRT-PCR Verified the Expression of DcaSOD Genes in Response to Heat, Light and NaCl Treatments

To gain insight into potential functions, qRT-PCR was used to assess the heat (35 °C), high light
(HL), dark (LL) and NaCl treatments on the expression of eight DcaSOD genes in D. catenatum
(Figure 6). Under heat stress, DcaCSD1 and DcaCSD3 were markedly up-regulated with the extension
of time, especially in 48 h. The expression levels DcaCSD?2 significantly increased in 4 h and 24 h,
and followed with a decrease expression level in 48 h. The DcaFSD1, DcaFSD2, DcaFSD3 and DcaMSD1
were down-regulated under heat stresses, except for the DcaFSD1 in 48 h, DcaFSD3 in 24 h and
DcaMSD1 in 4 h (Figure 6). Expression levels of seven DcaSOD genes including DcaCSD1, DcaCSD?2,
DcaCSD3, DcaCSD4, DcaFDS1, DcaFDS2 and DcaMSD1, were markedly up-regulated in leaves after
HL treatments. The expression level of DcaCSD3 under HL treatment for 24 h was two times than
that of control. It is notable that LL suppressed the expression of almost DcaSOD genes (Figure 7).
Under salt stress, six DcaSOD genes including DcaCSD1, DcaCSD2, DcaCSD3, DcaCSD4, DcaFSD1,
and DcaMSD1 were up-regulated in 24 h, especially the members of CSD subfamily. With the extension
of salt stress time to 48 h, the expression levels of these DcaSOD genes were down-regulated compared
with 24 h, except for the DcaFSD1 (Figure 8).
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Table 2. The Pearson correlation coefficients between two DcaCSD genes and other DEGs. The FPKM
values of these genes are listed in Table S3. The genes with a correlation coefficients > 0.99 with
DcaCSD1 have been indicated by red. The genes with a correlation coefficients > 0.99 with DcaCSD2
have been indicated by blue.

Gene ID Correlation Coefficient p-Value Description

DcaCSD1
DN40231_c3_g1_i3 0.999 0.0004 MADS box protein DOMADS2
DN32316_c5_g1_i3 0.999 0.0005 HVA22-like protein e
DN28998_c0_g1_i2 -0.999 0.0007 Cytochrome P450 90B2
DN33200_c0_g6_i4 0.999 0.0008 /
DN37544_c1_gl_il 0.999 0.0012 CDT1-like protein a, chloroplastic
DN31187_c4_g1_i2 0.999 0.001 Sucrose synthase
DN36361_c1_g5_i2 -0.997 0.0026 Trimethyltridecatetraene synthase
DNB33357_c2_g2_il 0.996 0.0038 Putative glutathione peroxidase 7, chloroplastic
DN24425_c0_g1_i2 0.996 0.0039 Dermcidin
DN32586_c2_g4_il 0.996 0.0041 Aldehyde dehydrogenase family 2 member C4
DN36550_c0_g2_i4 0.996 0.0041 DEAD-box ATP-dependent RNA helicase 50
DN29711_c0_g1_i2 0.996 0.0044 Keratin, type I cytoskeletal 14
DN78496_c0_g1_il 0.996 0.0044 Apolipoprotein E
DN39306_c2_g1_i5 0.995 0.0048 Keratin, type I cytoskeletal 10
DN29035_c0_g1_il 0.995 0.0049 Probable histone H2A.2

DcaCSD2
DN29768_c0_g1_i3 —0.995 0.0046 Proline-rich receptor-like protein kinase PERK13
DN33141_c1_g5_il -0.995 0.0049 /
DN33417_c1_g1_i2 -0.999 0.0013 Zinc-finger homeodomain protein 2
DN34829_c2_g1_ill ~0.997 0.0027 Receptor-like serineétll)lf;)nine-protein kinase
DN36012_c3_g1_il —-0.999 0.0008 WAT1-related protein At5g64700
DN36361_c1_gl_i2 -0.996 0.0037 Trimethyltridecatetraene synthase
DN36986_c4_g1_i2 0.997 0.0033 Starch branching enzyme I
DN37712_c8_g3_i2 -0.999 0.0003 3-O-acetylpapaveroxine carboxylesterase CXE1
DN38190_c0_g2_i6 -0.997 0.0027 Ricin B-like lectin R40C1
DN38200_c5_g1_il -0.995 0.0049 /
DN38969_c0_g3_i6 -0.998 0.0020 RNA-directed DNA polymerase homolog
DN40032_c2_g2_i2 -0.999 0.0008 Transposon Ty3-I Gag-Pol polyprotein
DN40530_c1_g4_i2 0.998 0.0025 Probable alpha-mannosidase At5g13980
DN40586_c9_g5_il 0.997 0.0030 Homeobox-leucine zipper protein HOX32
DN40622_c1_g3_il -0.998 0.0018 Protein ASPARTIC PROTEASE IN GUARD CELL 1

59



Plants 2020, 9, 1452

4 * % 25
DcaCSD1 R s DcaCSDZi
2.0 K
3
1.5
2
* % 10
| AW H
© o : : : : 0
>
@ 3
= DcaCSD3 * % DcaCSD4 * %
S 6 - T
[72]
A 2
4 -
o
X 1
(O] 2 * *
% [ ] ]
O 0 ’_'_‘ : : : 0 : ‘ ‘
D:' 2.0 1.5
E DcaFSD1 Rl DcaFSD2
o 15 10
o :
= 10
- *
Q * 05 .
Q o5 "
o e
= 0 " ' ' y 0 _ _ . :
2.0 13 DcaMSD1
DcaFSD3 . i _*L
1.5
1.0
1.0
0.5
0.5
0 A Ea b 0

© a0 NANIICAY

N T
N T A\ RSN .
G e Qe 0

00(\ \e\e.a\ /\e\ = ‘3\‘/ \e\e ‘3\‘/
Figure 6. qTR-PCR analysis of the expression patterns of DcaSOD genes under heat treatments.
The relative gqRT-PCR expression levels were calculated with 2722CT and the DcaActin gene was
used as endogenous reference gene. Error bars represent the standard deviation of three replications.
Bars marked with asterisks indicate significant differences (Student’s t-test) to corresponding control
samples for the time points under treatments (* p < 0.05, ** p < 0.01).
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The relative gRT-PCR expression level

Figure 7. qTR-PCR analysis of the expression patterns of DcaSOD genes under high light and dark
and the DcaActin gene
was used as endogenous reference gene. Error bars represent the standard deviation of three replications.

treatments. The relative qRT-PCR expression levels were calculated with
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Figure 8. qTR-PCR analysis of the expression patterns of DcaSOD genes under NaCl treatment.
The relative qRT-PCR expression levels were calculated with 2744CT and the DcaActin gene was
used as endogenous reference gene. Error bars represent the standard deviation of three replications.
Bars marked with asterisks indicate significant differences (Student’s t-test) to corresponding control
samples for the time points under treatments (* p < 0.05, ** p < 0.01).
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3. Discussion

Environmental stresses pose considerable challenges for plant growth and development. SODs are
the core of antioxidant enzymes, and can effectively reduce oxidative damage via scavenging the active
oxygen produced by organisms under stress. The crucial roles of SOD genes in the acclimation of plants
to abiotic stresses have been demonstrated in many previous studies. However, detailed information
concerning DcaSODs characters and functions, particularly their role in stresses responses of
D. catenatum, remained unclear. Therefore, a systematic analysis of the SOD gene family was performed
in D. catenatum.

In this study, a total of eight DcaSOD genes were identified in D. catenatum genome. Compared
with other plant species, the number of SOD genes in D. catenatum is close to A. thaliana (8), tomato (8),
cucumber (9), and S. miltiorrhiza (8), which is less than that in banana (12), cotton (Gossypium hirsutum, 18),
Wheat (26). Intragenome syntenic relationship analysis indicated that MaCSD2A and 2B, and MaMSD1A
and I1C or 1D in banana genome were derived from whole genome duplication [15]. Differences
in the number of SOD genes between plant species may be attributed to gene duplication,
which comprises tandem and segmental duplication, and plays a crucial role in the expansion
of SOD genes for diversification. Analysis of the evolutionary relationships of SOD proteins among
D. catenatum, Arabidopsis, O. sativa, P. equestris and A. shenzhenica showed that SOD proteins could be
divided into three subfamily based on their metal co-factors, namely CSD, FSD, and MSD subfamily
(Figure 1). Previous studies showed that there are only FeSOD and MnSOD in algae and bryophytes.
Cu/ZnSOD only exist in higher plants, implying that FeSOD and MnSOD evolved first, and then
Cu/ZnSOD appeared later to cope with the complex external environment that affects plant growth
and development [22]. We found that all DcaSOD proteins were much closer to PeqSOD proteins than
AshSOD proteins. There is a much closer evolutionary relationship between D. catenatum and P. equestris
than D. catenatum and A. shenzhenica based on the whole genome sequences analysis [23]. The conserved
motifs and gene structures provided further support for the classification of DcaSOD proteins in
D. catenatum. The DcaFSD3 has a shorter length compared to other DcaSODs and FSDs in other species.
We infer that the gene has been truncated, and key domains are missing. The failure of subcellular
location prediction, and few identified motifs and exons in DcaFSD3 might attribute to its truncated
sequence. Most DcaSOD proteins of the same group apparently had similar motifs constituents
(Figure 2), which is in accordance with the results in other plant species [15,17,18]. Taken together,
the similarities in conserved motifs and gene structures in the same subfamily corroborate their
classification and inferred evolutionary relationships.

In D. catenatum, most DcaSOD genes displayed distinct tissue-specific expression patterns
(Figure 5a). Most of them showed higher expression level in flower, which is similar to previous
studies on foxtail millet [24] and Zostera marina [25]. There is a high production of ROS during
organogenesis and reproductive metabolism, and high expression levels of SOD gene in flowers [18,19].
Moreover, most DcaSOD genes were highly expressed in leaf. MaCSD1D and MaFSD1A in banana
exhibited the highest expression levels in leaves. However, other MaSODs were expressed moderately
in leaves [15]. In cucumber, the expression of CsCSD1, CsCSD2, CsFSD1, CsFSD2 were also abundantly
expressed in leaves [18]. The preferential expression patterns of SOD genes imply their specific roles in
the development and biological function of different tissues. In addition, there might be functional
divergence of SODs in different species.

A lot of evidence demonstrated that SOD genes participated in abiotic stresses responses [12-15].
A total of 142 cis-elements related to hormones and stresses responses were identified in all identified
DcaSOD promoters (Figure 4). Among these predicted cis-elements, the light responsiveness elements
(77) were the largest group element and appeared in six DcaSOD promoters (Figure 4). In cucumber,
the light-responsive elements were also the largest group of elements [18]. A relatively large
number of light-responsive cis-elements was also observed in tomato SiSOD promoters [17]. These
results might suggest that the SOD genes participate in light response, which was confirmed by our
qRT-PCR analysis (Figure 6). Under high and low light conditions, almost DcaSOD genes showed
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different expression levels. The high light promoted the expression of all DcaSOD genes, except for
DcaFSD3. Transgenci pea with an overexpressing chloroplastic Cu/ZnSOD showed increased resistant
to high light [26]. Although only three low-temperature responsiveness elements were found in
DcaCSD2 and DcaFSD1 genes (Figure 4), almost DcaSODs were up-regulated under cold treatment
(Figure 5b), demonstrating that those DcaSODs might play a predominant antioxidant role under cold
stress. The introduction of MnSOD into the mitochondria and chloroplast of alfalfa resulted in an
improvement of freeze tolerance [27]. Several cis-elements involved in drought response including
ABA responsiveness, drought-inducibility and defense and stress responsiveness were identified in
DcaCSD4, DcaFSD2, DcaFSD3 and DeaMSD1 (Figure 4). RNA-Seq data analysis results showed that all
DcaSODs were up-regulated under drought treatment (Figure 5). Drought tolerance of sugarcane was
attributed to the elevated activity of SOD [28]. Han et al. [21] demonstrated that SmCSD2 and SmCSD3
were highly expressed under drought stress in S. miltiorrhiza. Furthermore, the Pearson correlation
analysis revealed that several genes function as stress resistance had close relationship with DcaCSD1
and DcaCSD2. For example, a glutathione peroxidase (DN33357_c2_g2_il) that constitutes a glutathione
peroxidase-like protective system against oxidative stresses [29], has a close relationship with DcaCSD1.
The proline-rich receptor-like protein kinase (PERK) (DN29768_c0_g1_i3) has a close relationship with
DcaCSD?2. PERK suppressed the accumulation of ROS in Arabidopsis root [30]. The correlation analysis
could provide useful information to reveal the regulation network of important pathways [31,32].
Under heat stress, the expression levels of four DcaCSDs increased at three time points, except for
DcaCSD1 and DcaCSD4 at 4 h and DcaCSD?2 at 48 h. However, the expression patterns of three DcaFSDs
were opposite to that of DcaCSDs, and deceased under heat stress at 4 h. Heat stress can cause
photoinhibition of PSII and promotes the accumulation of ROS, which accelerates oxidative stress [33].
Heat stress represses the expression of chloroplastic MaCSD2A but strongly induces chloroplastic
MaFSD1A in banana [15]. It must be aware that there are different mechanisms of antioxidants to
response the short-time (minutes and hours) reaction and the long-term adaptation in different light and
temperature treatments [34]. Under NaCl stress, four DcaCSDs gene and DcaMSD1 were significantly
up-regulated in 24 h, especially DcaCSD2 and DcaCSD3, and then decreased in 48 h. Contrast to
DcaCSDs and DcaMSD1, three DcaFSDs were down-regulated or unchanged. We infer that DcaCSDs
and DcaMSD1 genes play important role in coping with salt stress. Wang et al. [35] reported that
transgenic Arabidopsis overexpressing MnSOD enhanced salt-tolerance. Further studies are needed to
clarify the role of DcaSODs in the future.

4. Materials and Methods

4.1. Identification and Sequence Analysis of DcaSOD Genes in D. catenatum

The SOD proteins sequences of A. thaliana and O. sativa were retrieved from
The Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org/) and Phytozome
(http://www.phytozome.net/). The genome sequences of the D. catenatum, P. equestris and A. shenzhenica
were downloaded from NCBI under the accession codes JSDNO00000000 [6], PRINA389183 and
PRJNA310678 [23]. Firstly, SOD proteins sequences from Arabidopsis and O. sativa as query
sequences to search the D. catenatum, P. equestris and A. shenzhenica protein database for candidate
sequences by BLASTP (E-value < 1 x 1075). In addition, then, the hmmsearch program
of the HMMER software (version 3.2.1) (http:/hmmer.org/download.html) was also applied
to the identification of Fe/MnSOD (PF02777 and PF00081) and Cu/ZnSOD (PF00080) in Pfam
32.0 database (http://pfam.xfam.org/). For further screening, the above obtained protein sequences
were analyzed by SMART (http://smart.embl-heidelberg.de/) and NCBI Conserved Domain-search
(https://www.ncbinlm.nih.gov/cdd). Physicochemical characteristics of the DcaSOD proteins were
computed using the online ExXPASy-ProtParam tool (http://web.expasy.org/protparam/), including the
number of amino acids, molecular weight (MW), isoelectric point (pI) and grand average of
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hydropathicity (GRAVY). The subcellular localization of DcaSOD proteins were predicted by ProComp
9.0 (http:/linux1.softberry.com).

4.2. Phylogenetic Analysis

All predicted DcaSODs together with SODs of Arabidopsis, O. sativa, P. equestris and A. shenzhenica
were aligned with CLUSTAL. A Maximum-Likelihood (ML) phylogenetic tree was constructed by
MEGA X (version 10.1.7) [36], with the bootstrap values of 1000 replicates. The phylogenetic tree was
visualized by iTOL (https://itol.embl.de/) [37].

4.3. Conserved Motifs, Gene Structures, Locations, Multiple Sequence Alignments and Cis-elements Analyses
of DcaSOD Genes

The distribution of the conserved motifs based on amino acid sequence was conducted
with the MEME (http://meme.nbcr.net/meme/) [38] and was visualized by using TBtools [39].
The exon-intron structures of DcaSOD genes were analyzed by the Gene Structure Display
Server (GSDS) (http://gsds.cbi.pku.edu.cn/). According to the D. catenatum genome annotation file,
the start and end location information of DcaSOD genes were extracted and visualized by TBtools.
Multiple sequence alignments of the amino acid sequences of DcaSOD proteins were performed
by ClustalW software (https://www.genome.jp/tools-bin/clustalw) and then redrawn with ESPript
3.0 (http://espript.ibcp.fr/ESPript/ESPript/index.php). For cis-acting regulatory elements predication,
the DNA sequences (2000 bp) upstream of the initiation codon for each candidate gene were extracted,
and the cis-elements were predicted with PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) [40].

4.4. Transcriptome Analysis

The raw RNA-seq data of different tissues under cold and dry treatments of D. catenatum were
downloaded from the NCBI Sequence Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra)
under the BioProject number PRINA283237, PRINA314400, and PRJNA432825 [41]. Hisat [42] was used
for mapping reads to the D. catenatum reference genome with default parameters. The Stringtie [43]
was used to analyze gene expression level, and then the Fragments Per Kilobase Million (FPKM)
value was used to normalize gene expression level. The DEseq?2 [44] was employed to identify the
differentially expressed genes (DEGs) with a threshold of fold change > 2 and false discovery rate (FDR)
< 0.01. The heatmaps of gene expression and the correlation coefficient calculation were performed by
R software.

4.5. Plant Material, Growth Conditions and Treatments

D. catenatum three-year old plantlets were used in this study. For light treatments, the plantlets
were treated under dark (designed as LL), high light (250 pmol photons m~2s71, designed as HL) and
12 h light (80 umol photons m~2s71)/12 h dark photoperiod (control) for 24 and 48 h in greenhouse.
For heat treatment, the plantlets were treated at 35 °C for 4, 24 and 48 h, and 25 °C was used as control
in a growth chamber. Under salt stress, plantlets were treated with 0.5 M NaCl and sterile water
(control) for 24 and 48 h in greenhouse. After treatments, mature leaves were collected and frozen
immediately in liquid nitrogen, and stored at —80 °C for RNA extraction. Three biological replicate
samples were contained in each treatment.

4.6. Real-Time PCR Experiment

Total RNAs were extracted using RNAprep Pure kit (DP441, Tiangen, Beijing, China),
and were used as template to synthesize the first-strand cDNA by using the FastKing RT kit
(Tiangen, Beijing China). The primers were designed based on DcaSOD genes sequences using
Premier 5.0 software (Table S4). The DcaActin gene was selected as an internal standard. qRT-PCR
was performed on ABI PRISM® 7500 Sequence Detection System (Applied Biosystems, Foster City,
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CA, USA). qRT-PCR assay was performed as described Yao et al. [45]. The 2"22CT method was used to
analyze relative transcript abundances. Student’s t-test was employed using SPSS software (version
18.0) to calculated levels of significance (* p < 0.05, ** p < 0.01).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/2223-7747/9/11/1452/
sl. Table S1: The SOD protein sequences of D. catenatum, Arabidopsis, O. sativa, P. equestris and A. shenzhenica.
Table S2: The predicted cis-elements of DcaSOD genes promoters. Table S3: The annotation and expression level
of DEGs under drought. Table S4: qRT-PCR primers used in this study.
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Abstract: The plant U-box (PUB) protein is the E3 ligase that plays roles in the degradation or
post-translational modification of target proteins. In rice, 77 U-box proteins were identified and
divided into eight classes according to the domain configuration. We performed a phylogenomic
analysis by integrating microarray expression data under abiotic stress to the phylogenetic tree
context. Real-time quantitative reverse transcription polymerase chain reaction (GQRT-PCR) expression
analyses identified that eight, twelve, and eight PUB family genes are associated with responses to
drought, salinity, and cold stress, respectively. In total, 16 genes showed increased expression in
response to three abiotic stresses. Among them, the expression of OsPUB2 in class I and OsPUB33,
OsPUB39, and OsPUB41 in class III increased in all three abiotic stresses, indicating their involvement
in multiple abiotic stress regulation. In addition, we identified the circadian rhythmic expression for
three out of 16 genes responding to abiotic stress through meta-microarray expression data analysis.
Among them, OsPUB4 is predicted to be involved in the rice GIGANTEA (OsGI)-mediating diurnal
rhythm regulating mechanism. In the last, we constructed predicted protein-protein interaction
networks associated with OsPUB4 and OsGI. Our analysis provides essential information to improve
environmental stress tolerance mediated by the PUB family members in rice.

Keywords: abiotic stress; diurnal regulation; OsGIL; rice; U-box E3 ligase

1. Introduction

Ubiquitination is a protein degradation system that regulates the amount of intracellular
accumulation of signaling substances by selectively degrading certain proteins [1]. Especially in
plants, various hormone signaling mechanisms, development, biotic, and abiotic stress signaling
mechanisms have been reported to be closely related to ubiquitination [2,3]. Ubiquitin is a small
8-kDa protein in all eukaryotes. It is attached to specific proteins by the three enzymes Ub-activating
enzyme (E1), Ub-conjugating enzyme (E2) and Ub-ligase (E3). Specific proteins that are subsequently
polyubiquitinated are degraded by the 26S proteasome [4,5]. Among these, E3 ligase plays a major role
in determining the specificity of the substrate and is largely divided into single-subunit E3 ligase and
multi-subunit E3 ligase depending on the structure.

The single-subunit E3 ligase acts as an E3 ligase by itself, without any additional protein [6].
Single-subunit E3 ligase is subdivided into three proteins according to the domain: RING (for Really
Interesting New Gene), U-box, and HECT (for Homology to E6-AP carboxyl terminus). Interestingly,
other single-subunit E3 ligases exist in similar numbers among eukaryotes, but the number of U-box E3
ligases in plants is higher than in other eukaryotes. For example, 21 and 2 U-box E3 ligases were found
in human and yeast [7,8], while Arabidopsis and rice were known to be 64 and 77, respectively [9,10].
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Thus, the diversity of plant U-box genes suggests that the U-box domain may play an important role in
performing plant-specific intracellular processes.

The circadian clock is an evolutionary system adapted to fluctuating environmental changes in
the earth [11]. In particular, circadian clocks of immovable plants have more authority than animals
and participate in various developmental processes [12]. The circadian clock is divided into an input
that accepts the external environment signal, an oscillator that generates the rhythm according to
the change cycle of the external environment, and an output that is controlled by this oscillator [13].
The most representative function of the output in the plant circadian clock is flowering. In other
words, the circadian clock of the plant recognizes the photoperiod and determines the timing of the
flowering [14]. For example, Arabidopsis induces the degradation of CYCLING DOF FACTOR 1 (CDF1),
which prevents the expression of CONSTANS (CO), an important gene for flowering, by inducing the
binding between two proteins of GIGANTEA (GI) and FLAVIN-BINDING, KELCH REPEAT, F-BOX 1
(FKF1) in the long-day condition. However, in a short-day condition, the binding between the two
proteins GI and FKF1 is decreased, so that the expression of CO is kept low and the flowering time is
delayed [15].

In rice, 77 U-box E3 ligase genes are known, of which only six genes have been reported [16-20].
In other words, many rice U-box E3 ligase genes have not yet been studied, and phenotypic interference
due to functional redundancy may be one of the reasons [21]. Therefore, we analyzed transcriptome
data using the phylogenomics tool and tried to obtain information on the environmental response
characteristics of individual genes. This study comprehensively analyzed the expression characteristics
in response to abiotic stress (drought, salinity, and cold) and the circadian clock which have not
been studied in the previous genome-wide PUB family. Based on this, we will provide important
fundamental data for studying the functions of individual PUB gene family.

2. Materials and Methods

2.1. Multiple Alignment and Phylogenetic Analysis

To perform our phylogenetic analysis of the PUB family, we used the protein sequences of 77 PUB
genes identified in a previous global analysis of the rice PUB family [10]. The protein sequences for
our phylogenomic analysis were downloaded from the Rice Genome Annotation Project Website [22].
After multiple-alignment of those sequences with ClustalX [23], we generated a phylogenetic tree using
the Neighbor-Joining method, as incorporated in the MEGADS5 tool kit for phylogenetic analysis [24].

2.2. Meta-Analysis of Gene Expression Data and Heatmap Development

Affymetric- and agilent-microarray data (GSE6901, GSE36040 and GSE38023), and RNA-seq data
(GSE92989) were downloaded from the NCBI Gene Expression Omnibus (GEO, http://www.ncbinlm.
nih.gov/geo/). We then uploaded the normalized expression data to the Multi Experiment Viewer and
visualized the data via heatmaps (http://www.tm4.org/mev.html).

2.3. Plant Materials and Abiotic Stress Treatment

Rice (O. sativa L.cv. Dongjin) seeds were germinated on the Murashige Skoog medium for 14 days
at 28 °C. Subsequently, the seedlings were washed with sterilized water to completely remove the agar
and were air-dried for 0, 2, 6, and 12 h at 28 °C for drought stress treatment [25]. To simulate salinity
stress, we exposed 14-day-old plants to 200 mM NaCl for 0, 2, 6, and 12 h at 28 °C [26]. In the last,
we exposed 14-day-old plants to 4 °C + 1 °C for 0, 2, 6, and 12 h for cold stress treatment. The control
plants remained at 28 °C. Leaves and roots of three plants were pooled for one biological replicate and
each treatment had three biological repeats.
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2.4. Plant Materials for Diurnal Rhythm

To investigate the functional associations of PUB family members with the diurnal rhythm
and OsGI (GIGANTEA)-mediating regulatory pathway, Wild-type (WT) plant and 0sgi mutant seeds
(LOC_0s01g08700) were germinated on the Murashige Skoog medium for 7 days at 28 °C [27].
They were then transferred to individual pots and grown in an incubator (12-h light/12-h dark,
28 °C/22 °C) for 30 days. After that, their leaves were sampled at 2-h intervals for 24 h.

2.5. RNA Extraction and Real-Time Quantitative PCR

Samples were frozen in liquid nitrogen and total RNAs were extracted using RNAiso Plus
(Takara Bio, Kyoto, Japan). Using MMLYV Reverse Transcriptase (Promega, Madison, WI, USA) and the
oligo(dT) 15 primer, first-strand cDNA was synthesized as we recently reported [28,29]. For normalizing
the amplified transcripts, we used a primer pair for rice ubiquitin 5 (OsUbi5/0s01g22490) [30]. All primers
for these analyses are summarized in Table S1.

2.6. Analysis of a Predicted Protein—Protein Interaction Network

Using the STRING tool (https://version-10-5.string-db.org/) [31], we generated a hypothetical
protein—protein interaction network involving E3 ubiquitin ligase, transcription factors (TFs), and
flowering regulatory genes. The network was edited with the Cytoscape tool (https://cytoscape.org/;
version 3.6.0) (The Cytoscape Consortium, New York, NY, USA) [32,33].

3. Results and Discussion

3.1. Integration of Abiotic Stress Expression Patterns with a Phylogenetic Tree Context of the Rice PUB Family
Reveals the Key PUB Family Members for the Stress Responses

According to the recent report on the PUB family in rice, 77 estimated U-box proteins were
identified through a whole-genome analysis algorithm and divided into eight classes according to the
domain configuration (Figure 1 and Figure S1) [10]. We have constructed a phylogenetic tree using
protein sequences for each of the five classes except I, VI, and VIII, which have only one or two genes
in the eight classes. The expression of 77 genes was visualized using drought- and salinity-treated
RNA-seq data (GSE92989) using seedling roots [26], and cold-treated microarray data (GSE6901 and
GSE38023) from using seedling leaves. When the resultant microarray data were examined according
to criteria where t-test p-values were <0.01 and upregulation showed a greater than 1 (log, scale)-fold
change for control versus abiotic stress, we were able to identify 16 genes (Figure 1). The remaining
genes in the heat-map were visualized in gray color. As a result, we identified eight (OsPUB2, OsPUB4,
OsPUBS, OsPUB8, OsPUB33, OsPUB39, OsPUB41 and OsPUB67), twelve (OsPUB2, OsPUB3, OsPUBS,
OsPUB6, OsPUB33, OsPUB39, OsPUB41, OsPUB46, OsPUB51, OsPUB63, OsPUB64 and OsPUB67),
and eight (OsPUB2, OsPUB10, OsPUB33, OsPUB39, OsPUB41, OsPUB43, OsPUB46 and OsPUB64)
upregulated genes under drought, salinity, and cold stress conditions [25,26]. Interestingly, expression
of OsPUB2 in class I and OsPUB33, OsPUB39, and OsPUB41 in class III increased in all three abiotic
stresses. In addition, most genes with increased expression in drought, salinity, and cold stress were
included in classes II, III, and VII. These results indicate that among the 77 PUB families, there are
pivotal classes and genes that respond to environmental stress.

3.2. Real-Time Quantitative PCR Analysis Confirmed Expression Patterns in Response to Drought, Salt and
Cold Stresses of 16 PUB Family Genes in Rice

To confirm the global transcriptome data, we carried out quantitative reverse transcription
polymerase chain reaction (GQRT-PCR) analysis of PUB family genes in the drought, salinity, and cold
stress conditions. Fourteen-day-old seedlings were treated with drought, salinity, and cold stress for 0,
2, 6, and 12 h, respectively. Root samples under drought and salinity stress and leaf samples under
cold stress are collected for cDNA synthesis.
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As the first step, we tested the expression of OsDREB1A, a drought and cold stress marker gene,
for drought (0, 2, 6, and 12 h) and cold (0, 2, 6, and 12 h) stress samples, and of expression of OsbZIP23,
a salt stress marker gene, for salt (0, 2, 6, and 12 h) stress samples [34,35]. As expected, expressions
of OsDREB1A and OsbZIP23 were significantly stimulated compared to the control at all tested time
points of stress treatment (Figure 2), indicating that samples under drought, salt, and cold stress
treatments are well qualified for the further differential expression analyses. To validate expression
patterns of selected PUB genes, we chose a 2 h sample (salinity) and 12 h samples (drought and cold)
out of the time series stress treatments showing stronger and more stable upregulation of marker genes.
Subsequently, we confirmed that expressions of 16 PUB genes were significantly upregulated under
drought, salinity and cold stresses (Figure 2). These results are in agreement with expression patterns
analyzed using transcriptome data associated with abiotic stress.
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Figure 2. qRT expression profiles for 16 OsPUB genes selected from global transcriptome data analysis.
OsDREB1A and OsbZIP23 were used as marker genes for abiotic stress (A). Abiotic stress samples were
prepared from drought (B), salinity (C), and cold (D) (0, 2, 6, and 12 h) in root or leaf. Rice ubiquitin
(OsUbi5) was served as internal control. ** p value < 0.01; *** p value < 0.001. N = 3.
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3.3. PUB Family Genes Are Involved in OsGI Mediating Diurnal Regulation Pathway

Diurnal rhythm in plants is regulated by light and the circadian clock, and metabolism, physiology,
and behavior change between day and night [36]. In addition, recent studies have shown that circadian
rhythm correlates with abiotic stress [37-39]. To identify the PUB genes in rice associated with diurnal
rhythm, we analyzed expression patterns using publicly available Agilent 44k array data (GSE36040)
obtained in rice leaves harvested under diurnal rhythm in nine different developmental stages [40].
Of the 77 PUB genes, nine (OsPUB2, OsPUB4, OsPUB16, OsPUB20, OsPUB34, OsPUB47, OsPUB52,
OsPUB63, and OsPUB77) genes were observed to show diurnal rhythm in the leaves (Figure S1).
Among the 16 genes with increased expression in Abiotic stress, three (OsPUB2, OsPUB4, and OsPUB63)
genes were associated with diurnal rhythm (Figure 1). To confirm expression associated with diurnal
rhythm, 37-day-old leaves were sampled at 2 h intervals for 24 h, and we confirm that diurnal rhythms
of OsPUB4 and OsPUB63 were observed through Real-Time qPCR analyses. There was no difference
in expression in the dark state of OsPUB4, but expression increased when the plant first recognized the
light (Figure 3). In contrast, OsPUB63 showed no expression difference in the light state but increased
expression in the dark state (Figure 3). Unfortunately, OsPUB2 was associated with diurnal rhythms in
the Agilent 44k array data, but no significant change in expression was observed in Real-Time qPCR
analysis (Figure S2).

To obtain the insight into the mechanism on the regulation of the diurnal rhythm of these PUB
genes, we used rice gi mutants with defects in the diurnal rhythm [27]. In o0sgi, diurnal expression
of a well-known marker gene for diurnal rthythm, LATE ELONGATED HYPOCOTYL (LHY) [41],
was dramatically down-regulated across all time points (Figure 3B). Interestingly, OsPUB4, like LHY,,
disappeared from diurnal rhythm expression patterns in 0sgi mutants (Figure 3B). In contrast, OsPUB63
was able to observe the same diurnal rhythm expression patterns in both the control (dongjin) and
osgi mutants. These results indicate that the OsPUB4 gene is involved to the OsGI-mediating diurnal
rhythm regulating mechanism.
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Figure 3. Diurnal expression patterns of two OsPUB genes in mature leaves, using available Agilent
44k array data over the entire plant life span (A), or evaluated at 12 time points over 24-h period in
“Dongjin” rice and osgi mutant (B). OsLHY was standard marker gene for diurnal rhythm. OsUbi5
was served as the internal control. The continuous white and black bars indicate day and night time,
respectively. ZT, zeitgeber time (ZT = 0 at lights-on).
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3.4. OsPUB4 Is Under the Control of OsGlI, One of Main Regulators of the Circadian Clock

Gl is involved in maintaining the circadian clock of downstream genes. It has been reported
that the circadian rhythms of flowering regulatory genes such as Ehd1 (Early heading date 1), Hd3a
(Heading date 3a), RFT1 (RICE FLOWERING LOCUS T 1), Hd1 (Heading date 1) and OsMADS51 are
significantly reduced in osgi mutants [27,42,43]. Interestingly, like the flowering regulation genes
mentioned earlier, the circadian rhythm of OsPUB4 also decreases in the osgi mutant (Figure 3).
This result indicates that OsPUB4 might be under the control of OsGI, one of the main regulators of
the circadian clock. We created a putative network on the STRING website (https://string-db.org/cgi/
input.pl?sessionld=dsUIDFue7qrX&input_page_show_search=on) to check the correlation between
OsPUB4 and OsGI. As expected, the network includes photoreceptors such as PHYA (Phytochrome
A), PHYB (Phytochrome B), and transcription factors related to flowering time such as Ghd7 (Grain
number, plant height, and heading date7), HD3A and HD2 (Figure 4).

PUB4 (LOC_Os02g13960)

bHLH (Lc.egsmo)
Gl (LOC_0s01g08700) bHLH (Lc.zgusem

GHD7 (LOC_Os07g15770) PHYA (LOC_0s03g51030)
U-box E3 ubiquitin ligase
. Basic helix-loop-helix transcription factor
PHYB (LOC_0Os03g19590) HDBA (LOC_Os06g06320) GIGANTE
Phytochrome
HD2 (LOC_Os07g49460) Flowering regulatory gene

Figure 4. Construction of predicted protein-protein interaction networks associated with OsPUB4 and
OsGL. Using the STRING tool, we found seven proteins that are expected to interact with OsPUB4
(orange circle) and OsGI (blue circle). Three of the seven proteins were identified as flowering regulatory
genes (White circles), two as phytochrome (yellow circles), and two as bHLH TF (green circles).

4. Conclusions

In this study, we selected genes that respond to abiotic stress in the OsPUB family, and further
confirmed their circadian clock. Recent studies have shown that genes associated with the circadian
clock and flowering time are associated with abiotic stress [38,39]. For example, in Arabidopsis,
the GI-overexpressed transgenic plants show increased salt sensitivity, while the 0sgi mutants show a
salt tolerance phenotype [44]. In addition, LOV KELCH protein 2 (LKP2), which regulates circadian
rhythm and flowering time in plants, increases dehydration tolerance when overexpressed [45]. The key
clock component (TOC1, the timing of CAB expression 1) that binds to the promoter of the ABA-related
gene increases drought tolerance in tocI-RNAi plants. Conversely, overexpression of TOC1 increases
water loss in drought conditions, leading to a decrease in survival rate [46]. Interestingly, there is no
correlation between the effects of mutations on clock function and abiotic stress resistance. Instead,
changes in the expression level of the clock gene in the mutants are presumed to have a direct effect on
the regulation of the abiotic stress response [38]. For example, half of the genes responsive to drought,
salinity, heat, and osmoticum were found to have diurnal rhythm [47]. This transcriptomic analysis
suggests that many genes that respond to abiotic stress are under the control of the circadian clock.
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Therefore, we speculate that OsPUB4 will play a role similar to COP1 (Constitutive
photomorphogenic 1). COP1 is an E3 ubiquitin ligase containing RING-finger and WD40 domains,
and is known to be involved in the control of seedling development, flowering time, and circadian
rhythm [48]. In particular, HY5 (Long hypocotyl 5), PHYA, PHYB, PIL1 (Phytochrome interacting
factor 3-like 1), CO (CONSTANS), GI (GIGANTEA), etc. were identified as substrates of COP1 [49-54].
Accordingly, we expect OsPUB4 to participate in circadian rhythms and abiotic stress responses by
controlling the stability of various proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/9/1071/s1,
Figure S1: Heat-map expression data associated with the diurnal rhythm of the OsPUB family genes. Figure S52:
Diurnal expression patterns of OsPUB2 gene evaluated at 12 time points over 24-h period in “Dongjin” rice and
osgi mutant. Table S1: Summary of primer sequences used for qRT-PCR analyses of this study.
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Abstract: Climate change and its detrimental effects on agricultural production, freshwater availability
and biodiversity accentuated the need for more stress-tolerant varieties of crops. This requires
unraveling the underlying pathways that convey tolerance to abiotic stress in wild relatives of
food crops, industrial crops and ornamentals, whose tolerance was not eroded by crop cycles.
In this work we try to demonstrate the feasibility of such strategy applying and investigating the
effects of saline stress in different species and cultivars of Portulaca. We attempted to unravel the
main mechanisms of stress tolerance in this genus and to identify genotypes with higher tolerance,
a procedure that could be used as an early detection method for other ornamental and minor
crops. To investigate these mechanisms, six-week-old seedlings were subjected to saline stress for
5 weeks with increasing salt concentrations (up to 400 mM NaCl). Several growth parameters and
biochemical stress markers were determined in treated and control plants, such as photosynthetic
pigments, monovalent ions (Na*, K* and CI7), different osmolytes (proline and soluble sugars),
oxidative stress markers (malondialdehyde—a by-product of membrane lipid peroxidation—MDA)
and non-enzymatic antioxidants (total phenolic compounds and total flavonoids). The applied salt
stress inhibited plant growth, degraded photosynthetic pigments, increased concentrations of specific
osmolytes in both leaves and roots, but did not induce significant oxidative stress, as demonstrated by
only small fluctuations in MDA levels. All Portulaca genotypes analyzed were found to be Na* and C1~
includers, accumulating high amounts of these ions under saline stress conditions, but P. grandiflora
proved to be more salt tolerant, showing only a small reduction under growth stress, an increased
flower production and the lowest reduction in K*/Na* rate in its leaves.

Keywords: abiotic stress; antioxidant activity; growth inhibition; ion homeostasis; proline; salt stress
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1. Introduction

Adverse environmental conditions or abiotic stresses such as drought, soil salinity, low or high
temperatures share their detrimental effect on the water status of plants, causing a reduction in
their photosynthetic capacity and, consequently, limiting their vegetative growth and reproductive
success [1,2]. Among the abiotic stresses mentioned, drought and salinity constitute the greatest threat
to global food security [3], due to the extent and frequency of their occurrence, as well as their effects on
the production of the yields of all major crops [4,5]. With increasing demand for food sources due to the
booming world population, the need to combat the effects of drought and soil salinity (reduced crop
production) becomes imperative [6]. This is highlighted by the fact that more than 800 million hectares
of arable land are currently affected by drought and salinity, and salinity in particular is projected to
affect 30% of agricultural land in the next 25 years and about 50% by the end of this century [7]. This
increase in the extent of soil salinization (estimated at 1 to 2% per year [8]) is being aggravated by
climate change, urbanization and pollution [9].

Soil salinization and drought overlap in inducing osmotic imbalance in affected plants [10];
however, the toxic influx of ions or ionic toxicity is salinity-specific [11]. Increased salinity restricts
vegetative growth due to reduced photosynthetic capacity, as affected plants reduce their gas exchange
by closing their stomata to reduce water loss [12,13]. As a result, further accumulation of reactive oxygen
species (ROS) would begin, disrupting cellular processes and inducing oxidative damage, particularly
to the photosynthetic machinery [14,15]. Affected plants respond by activating a series of constitutively
expressed defense mechanisms to evade and mitigate the effects of such stresses [16], until optimal
conditions are restored or successful propagation of the genetic material is ensured. These include
the accumulation of soluble solutes or “osmolytes” for osmotic adjustment [17], the activation and
over-expression of ROS sequestering enzymes such as catalase, ascorbate peroxidase and superoxide
dismutase [18], and ionic avoidance [19] and compartmentalization [20].

The adaptation and response of plants to adverse environmental conditions, in particular soil
salinization, differs greatly among affected species. This ranges from improved growth under stress
conditions in the case of obligate halophytes, to complete cessation of growth, and even death for
susceptible glycophytes [21]. Almost 98% of terrestrial plant species are considered glycophyte,
including all major crops [22], this is partly due to the erosion of the natural resistance inherent to
abiotic stresses over millennia of unidirectional breeding for yield, taste and color [23]. A strategy that
is recently gaining ground among the scientific community in an attempt to combat the anticipated
spread of soil salinization and its underlying effects on global food security is the development of
salt-tolerant crops [24]. However, unlike plant resistance to biotic stresses, which depends mostly on
monogenic traits, genetically complex responses to abiotic stresses are multigenic and therefore more
difficult to control, breed and manipulate [25].

Therefore, a better understanding of the underlying mechanisms that confer tolerance is considered
necessary to facilitate the development of more tolerant crops [24], especially because these response
strategies differ greatly among plant groups [26]. One area that has been little explored is research
on the stress responses of wild relatives of crops, halophytes and minor, ornamental and industrial
crops, which could serve as an underexploited source of genetic tools for deciphering the fine tuning
of crop tolerance. This would identify targets for molecular improvement and the development of
stress markers, which could accelerate ongoing programs towards more stress resistant crops.

Salt tolerance in halophytes is developed through an efficient and well-defined coordination of
physiological and metabolic pathways [27] that enable them to complete their life cycles even under
conditions of high salinity [28]. The adaptation capacity of halophytes to salt stress is based on several
physiological adjustments that take place both at the cellular and molecular level, among them osmotic
regulation and ionic homeostasis through extrusion and/or compartmentalization [14]. In previous
reports, the inhibitory effects of excessive saline stress on several physiological and biochemical
processes in plants were highlighted. Among the former, the function of the photosynthetic apparatus
is the most likely to be affected due to stomatal closure and the consequent reduction in carbon
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dioxide absorption under stress conditions [14]. Therefore, the effects of stress on photosynthesis
can be easily evaluated by monitoring changes at the level of photosynthetic pigments [28,29]. It has
also been observed that, under stress conditions, halophytes accumulate different compatible solutes,
such as sugars (sucrose), betaine (glycinebetaine), amino acids (proline) and sugar alcohols (sorbitol)
depending on phylogeny and functional needs [30-32]. In addition, different stressful environmental
conditions were reported to induce oxidative stress in plants due to increased “reactive oxygen species”
(ROS). However, in both halophytes and glycophytes, ROS production and detoxification occur under
optimal conditions, although the balance is greatly altered in stressful situations, particularly high
salinity [33]. To that extent, malondialdehyde (MDA), a product of lipid peroxidation that is considered
a reliable marker of oxidative stress in plants, was examined in parallel with studies on stress for ROS
accumulation. An increase in MDA content in response to abiotic stresses in different plant species is
reported in several publications [34]. Since different environmental stresses cause secondary oxidative
stress in plants, a general adaptive reaction of plants is the activation of antioxidant compounds and
enzymes. A complex group of phenolic compounds and especially the subgroup of flavonoids that
include many secondary metabolites are also very important for these antioxidant responses [35].

The genus Portulaca comprises approximately 130 species known today, including annuals and
perennials (which grow in the tropics and subtropics) and are generally herbaceous, with hairs
(conspicuous or inconspicuous) developed at the axils of the succulent, cylindrical leaves [36].
Portulaca species have a wide range of distribution throughout the world, from sea level to 2600 m of
altitude. Portulaca oleracea is often used as a vegetable, but many of its varieties, as well as other species
of this genus, are widely known as ornamentals, much appreciated for their flowers of diverse color,
type and size, and for their multiple uses in garden design. Portulaca can tolerate moderate to high
salt concentrations and produce a considerable amount of dry mass even at relatively high salinities
compared to standard crops [37,38]. Albeit the relative salt tolerance of other species in this genus has
not yet been adequately studied.

The main objective of this research was to investigate the responses to salt stress of three different
species of Portulaca (P. oleracea L. subsp. oleracea, P. grandiflora Hook. and P. halimoides L.) and a purslane
cultivar (P. oleracea var. “Toucan Scarlet Shades”), under controlled experimental conditions, trying to
specify the mechanisms of salinity tolerance in this genus promoting thus their use in saline agriculture
and sustainable development, as a source of plant nutrients or ornamental species.

2. Results

2.1. Electrical Conductivity of the Substrate

Electrical conductivity (ECy.5) values in control soil samples varied between 0.55-1.08 dS m!
throughout the treatment period. When salt stress was applied, EC increased in parallel to time
(as salt accumulated in the substrate) and in a concentration dependent manner (400 mM registering
the highest measured EC), with approximately 3, 4.5 and 7.5 dS m~! in 100, 200 and 400 mM soils,
respectively at the end of the treatments. It must be noted that differences in between the substrates of
stressed plants of the 4 studied genotypes undergoing the same level of salt concentration treatment
were statistically insignificant.

2.2. Growth Parameters

Our findings show that plant growth and productivity were adversely affected in all the four
Portulaca genotypes studied, though in varying degrees as presented in Figure 1.
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Figure 1. Measured growth parameters in the four studied Portulaca genotypes after 5 weeks of
applied salt stress. (A) Stem length growth (%). For each genotype, values (means + SE) are shown as
percentages of the mean stem length of the control plants, considered 100%, (B) number of developed
shoots by time of harvest, and (C) leaf length change (%). For each genotype, values (means + SE)
are shown as percentages of the mean leaf length of the control plants, considered 100%. Different
lowercase letters within each genotype indicate significant differences among the treatments and
different capital letters indicate significant differences among the genotypes undergoing the same
treatment according to Tukey’s HSD test (P < 0.05). Absolute values for the controls’ stem length are:
31.00 + 1.04 cm (P. oleracea L. subsp. oleracea), 32.25 + 2.20 cm (P. oleracea “Toucan Scarlet Shades”),
19.60 + 0.92 ecm (P. grandiflora) and 18.20 + 0.96 cm (P. halimoides). Absolute values for the controls’
leaf length are: 4.00 + 0.22 cm (P. oleracea L. subsp. oleracea), 2.93 + 0.17 cm (P. oleracea “Toucan Scarlet
Shades”), 2.6 1 + 0.12 cm (P. grandiflora), 3.36 + 0.09 cm) and 1.13 + 0.05 cm (P. halimoides).
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Stem lengths at time of harvest (5 weeks) for controls ranged from 17.37 cm to 31.00 cm in
P. halimoides and P. oleracea L. subsp. oleracea, respectively. Applied soil salinity had a detrimental
impact on the main stem growth of all four investigated genotypes, inducing a decrement in lengthening
in parallel to increasing applied salt concentration. This varied between the different taxa, being very
acute in the two studied P. oleracea genotypes, where stem length growth was reduced by nearly 40%
and 50% in P. oleracea L. spp. oleracea and P. oleracea “Toucan Scarlet Shades”, respectively (Figure 1A).
On the other hand, P. grandiflora, and P. halimoides seemed to be less affected with all applied salt
concentrations, reporting a mere decrease in stem growth of 12.24% and 19.23%, respectively, in 400 mM
NaCl treated plants.

The number of lateral shoots was significantly lower in three of the studied genotypes under
applied salt conditions in comparison to their corresponding controls (all but P. grandiflora) (Figure 1B).
The highest averaged shoot number was 27.4 in P. halimoides, while the lowest 17.5 was reported
in P. oleracea “Toucan Scarlet Shades” (Figure 1B). The most sensitive to the highest applied salt
concentration was P. oleracea “Toucan Scarlet Shades” reporting a decrease of 61.5% in shoot number
during the salt treatments in comparison to its controls. On the other hand, the least affected accession
in shoot number was P. grandiflora which showed an increase in shoot formation under 400 mM NaCl.
Another monitored growth parameter was leaf length. Here again the effect of applied salt stress
for 5 weeks, ranged from severe (causing a reduction by 35% relative to its controls leaf length) in
P. oleracea L. spp. oleracea and mild (reporting a decrease from control leaf length by a mere 3% under
400 mM NaCl) in P. halimoides (Figure 1C). The other two genotypes, P. oleracea “Toucan Scarlet Shades”
and P. grandiflora did not show significant changes in their leaf length neither under 100 and 200 mM
NaCl nor under 400 mM NaCl treatments (10% reduction in comparison to their controls).

Flower bud formation and flowering differed in unstressed plants among the four studied
genotypes. P. oleracea L. subsp. oleracea produced the highest number of formed flower buds (about 108)
(Figure 2A) though none developed into flowers (Figure 2B). On the other hand, only P. oleracea “Toucan
Scarlet Shades” and P. grandiflora had any flower formation, where interestingly the latter had a higher
number of flowers under applied salt stress. The number of formed flower buds decreased significantly
in all investigated genotypes except in P. grandiflora where again it seems that the applied stress induced
reproductive development with a 25% increase under 400 mM NaCl in comparison to control.

Upon completion of the applied salt treatments, plants were harvested and roots and shoots were
weighted. A fraction of material was used for water content determination. Fresh weight in all studied
taxa was dramatically reduced under the applied stress conditions (Figure 3A), displaying a reduction
of almost 90% under 400 mM NaCl, compared to their respective controls for both P. oleracea “Toucan
Scarlet Shades” and P. halimoides. On the other hand, fresh weight was reduced by almost 30% for
P. oleracea L. subsp. oleracea under similar conditions, while P. grandiflora had the best resistance as it
maintained 70% of its control FW when exposed to the highest stress treatment applied.

After oven drying the leaves, water content was calculated from the measured dry weight and afore
measured leaf fresh weight for every harvested plant. Interestingly, water content in leaves and roots
recorded only a small decrease in comparison to the loss in FW (Figure 3A-C). All studied genotypes
showed only a small decrease in their roots” WC under salt stress (Figure 3C). Only P. halimoides showed
a significant decrease in its root’s WC when 400 mM NaCl was applied, showing a decrease to 60%
from 80% measured in its unstressed plants.
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Figure 2. The influence of applied salt stress on the reproductive development of the four studied
Portulaca genotypes. (A) Number of flower bud occurrence and (B) number of flowers. Different
lowercase letters within each genotype indicate significant differences among the treatments and
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treatment according to Tukey’s HSD test (P < 0.05).
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Figure 3. Total fresh yield and water content reduction in leaves and roots after 5 weeks of applied
stress on four Portulaca genotypes. (A) fresh weight percentage are shown as percentages of the
mean fresh weight of the control plants, considered as 100% (absolute values FW values in grams are
62.56 + 5.82 g for P. oleracea L. subsp. oleracea, 112.00 + 13.47 g for P. oleracea “Toucan Scarlet Shades”,
20.53 + 4.43 g for P. grandiflora, and 11.85 + 1.54 for P. halimoides), (B) water content percentage in
the leaves (WC%), and (C) water content percentage in the roots. Different lowercase letters above
the bars within each accession indicate significant differences among treatments and different capital
letters denote significant differences among the accessions undergoing the same treatment according to
Tukey’s HSD test (P < 0.05).
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2.3. Photosynthetic Pigments

Chlorophyll levels decreased in some of the studied genotypes under stress (Table 1), notably
P. oleracea L. subsp. oleracea and to a lesser extent in P. grandiflora. Furthermore, an increase in these
pigments was registered in P. oleracea “Toucan Scarlet Shades” and P. halimoides. Carotenoids contents
increased under 400 mM NaCl in all studied genotypes except P. oleracea L. subsp. oleracea where it
nearly remained equal to that measured in its control plants (Table 1). In terms of carotenoids’ increase,
P. halimoides reported the biggest increment (2.71-fold change as compared to its control), followed by

P. oleracea “Toucan Scarlet Shades” (1.35-fold change).

Table 1. Photosynthetic pigments in the leaves of the four studied Portulaca genotypes. Chlorophyll
a (Chl a), chlorophyll b (Chl b) and carotenoids (Caro) contents after 5 weeks of applied salt stress.

Values shown are means + SE. For each pigment, different lowercase letters in a column indicate
significant differences between treatments; different capital letters in a row denote significant differences
among the genotypes undergoing the same treatment.

Photosynthetic Treatment P. oleracea L. P. oleracea
Pigment (mM NaCl) subsp. “Toucan Scarlet  P. grandiflora P. halimoides
(mg g~1 DW) oleracea Shades”

Chl a 0 782+083bC  3.18+0.21DbA 4.08 +0.69 cB 3.25+0.17 aA

100 9.90 + 0.67 cC 257+042aA 327 +034bAB  3.76 +0.79 bB

200 787+ 1.13bC  3.60+0.19cAB  3.07 + 0.36 aA 4.28 +0.51 cB

400 545+029aB 321 +0.61bcA  3.12+046aA  557+031dB

Chlb 0 5.83 £ 0.97 bC 120 £ 0.19 aA 3.13 £ 0.96 bB 129 +0.24 aA
100 8.79 +1.20 cB 0.95+0.14 aA 1.69 + 0.41 aA 121 £0.26 aA

200 6.09 +1.76 bB 1.23 +0.08 aA 1.48 +0.29 aA 1.23 +0.07 aA

400 4.32 +0.42 aB 1.27 £0.13 aA 141+£019aA  1.79+0.14bA

Caro 0 049 £ 0.32aA 0.62 +0.04 aB 0.50 + 0.06 aA 0.66 + 0.06 aB

100 0.23 £0.29 aA 0.68 +0.12 aB 0.52 +0.20 aB 0.97 £ 0.25 bC

200 0.32 £ 0.32aA 0.91 +0.13bB 045 +0.15aA 120 +0.14 cC

400 0.42 +0.10 aA 0.84+0.23bB  0.66 +0.03bA  1.78 £0.15dC

2.4. Osmolytes

The findings of the current research show that proline (Pro) content of the leaves in the control
Portulaca genotypes were relatively low ranging from 2.19 umol g~! DW (P. oleracea “Toucan Scarlet
Shades”) to 8.50 pmol g‘1 DW (P. oleracea L. subsp. oleracea) (Figure 4A). Similarly, Pro levels were also
low in the roots, ranging from 0.35 umol g~! DW (P. oleracea “Toucan Scarlet Shades”) to 1.6 pmol g™
DW (P. halimoides) in control plants (Figure 4B). Proline accumulation was found both in leaves and
roots of the plants subjected to salt stress treatments. After 5 weeks of applied stress, Pro accumulation
in the leaves was the highest in P. halimoides with a 5.66-fold change increase, and similarly a 12-fold
increment from control levels in their roots. In addition, P. oleracea “Toucan Scarlet Shades” leaves
registered the smallest increase under stress (a mere 9.67 umol g‘1 DW in 400 mM NaCl stressed
plants). Therefore, a positive correlation was shown between proline level and salt treatment intensity;
however, proline accumulation was not also related to the degree of salt tolerance in these species
(Figure 4A,B).
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Figure 4. Osmolytes quantified in the four Portulaca genotypes subjected to salt stress treatments.
Proline (Pro) and total soluble sugars (TSS) accumulation in the leaves (A,C, respectively) and roots
(B,D, respectively). The values shown are means + SE (n = 5). Different lowercase letters above the
bars indicate significant differences between the control plants, and different capital letters indicate
significant differences between different genotypes.

Among the tested Portulaca genotypes, the soluble sugar content of the leaves in the untreated
controls varied from 46 (P. oleracea “Toucan Scarlet Shades”) to 91 (P. halimoides) mg eq. glucose g™
DW (Figure 4C). Under salt stress conditions no clear correlation was shown between TSS content and
salt stress intensity. In the leaves, TSS followed different accumulation patterns: (i) Soluble sugar level
increased at 100 mM NaCl concentration, followed by a decrease at 200 mM NaCl and increasing again
at the highest salt concentration (e.g., P. oleracea subsp. oleracea), (ii) soluble sugar level increased at
100 mM NaCl concentration but decreased at 200 and 400 mM NaCl concentrations (e.g., P. grandiflora)
and (iii) TSS content decreased at the lowest salt concentration but increased at 200 and 400 mM NaCl
concentrations (P. oleracea “Toucan Scarlet Shades” and P. halimoides). P. grandiflora showed a significant
decrease (41.20%) in soluble sugar content at the highest salinity level as compared to control (42.93 mg
eq. glucose g-1 DW vs. control 73.024 mg eq. glucose g~! DW).

In the roots, a variable pattern of TSS content was found as the salt concentrations increased.
It was observed that the TSS content of all genotypes was significantly higher at the highest salt
concentrations applied than in controls. Statistically significant differences were recorded at 200 and
400 NaCl concentrations as compared to controls (Figure 4D). No data was obtained in P. halimoides
due to an accidental loss of material during lab work.

2.5. Malodialdehyde and Non-Enzymatic Antioxidants

After 5 weeks of salt treatment, it was expected that the MDA in the leaves of stressed plants would
show an increase consistent with the increased salinity level, but in the Portulaca genotypes investigated,
this was not the case, (Figure 5A), as MDA levels in the leaves fluctuated under applied stress.
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Figure 5. Malondialdehyde (MDA) and chemical antioxidants accumulation in the leaves of Portulaca
genotypes after 5 weeks of salt stress treatments. (A) MDA, (B) total phenolic compounds (TPC),
and (C) total flavonoids (TF). The values shown are means + SE (1 = 5). Different lowercase letters
above the bars indicate significant differences between the control plants, and different capital letters
indicate significant differences between different genotypes.

The pattern of variation of total flavonoid content in response to increasing salt concentrations
was very similar to that of TPC (Figure 5B,C). Among the untreated control plants, it was observed
that flavonoid content varied, with the highest content in P. oleracea L. subsp. oleracea (5.45 C. g‘1
DW), while the lowest was in P. halimoides L. (1.97 C. g~! DW). Under applied salt stress, TPC and TF
levels fluctuated in the leaves of all four studied genotypes, showing no strong correlation with the
increasing concentrations of applied NaCl, except for P. oleracea L. subsp. oleracea, though P. oleracea
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“Toucan Scarlet Shades” reported a significant increment in its accumulated TPC and TF when 400 mM
NaCl was applied (in comparison to its controls).

2.6. Ionic Content

Salinity induced the accumulation of Na* and ClI~ in high amounts in roots and leaves of the four
genotypes in response to salt stress acting as Na* and Cl~ includers. Sodium levels in NaCl-treated
plants of all genotypes showed an applied-salt-concentration-dependent increase (Figure 6A,B).
It increased up to 4.5 mmol g~} DW in the leaves of 400 mM NaCl stressed plants of P. oleracea L. subsp.
oleracea and P. halimoides, while P. oleracea “Toucan Scarlet Shades” and P. grandiflora reported merely
half those levels under similar conditions (Figure 6A). Control contents of sodium in the leaves of
studied plants were similar in all four genotypes, and the increase was comparable when 100 and
200 mM NaCl were applied. Interestingly however, was the trend in chloride ions accumulation
in the leaves, which were expected to mimic that of sodium. P. grandiflora reported chloride levels
4 folds lower than that of P. oleracea L. subsp. oleracea and nearly 2.5 times that of P. halimoides and
P. oleracea “Toucan Scarlet Shades” (Table 2). Chloride accumulation in the leaves seemed to reach a
plateau after 100 mM NaCl in P. grandiflora and 200 mM in P. halimoides. As for potassium in the leaves
(Figure 6C), all studied genotypes reported an increment under 400 mM NaCl, except for P. halimoides
which showed a 30% decrement. When correlating the aforementioned data through K*/Na™ ratios,
P. oleracea L. subsp. oleracea had the biggest decrease though it had the highest ratio in non-stressed
conditions (Figure 6E). Moreover, P. oleracea “Toucan Scarlet Shades” and P. grandiflora had the smallest
decrease in this ratio, with the latter retaining the smallest K¥/Na* ratio in control conditions.

Table 2. Chloride ions’ concentration in roots and leaves and stems of the four investigated Portulaca

genotypes undergoing 5 weeks of salt treatments.

P. oleracea
Chloride Ions Treatment P. oleracea L. ssp. " . Lo
(umol g1 DW)  (mM NaCl) oleracea Toucan chrlet P. grandiflora P. halimoides
Shades
Leaves 0 136.35 + 25.41aA 244.18 + 45.78aB 256.34 + 19.01aB 217.45 + 46.27aB
100 1001.88 + 132.14bC 449.37+ 99.91bA 542.94 + 133.24bA 738.21 + 20.06bB
200 1977.47 +164.27cC ~ 537.64 + 108.71bA  691.44 + 116.61bA  1105.85 + 50.17cB
400 2436.03 + 182.24dC 908.43 + 88.77cB 618.84 +26.94bA  1027.84 + 248.03cB
Roots 0 357.26 + 105.75aB 125.47 + 17.96aA 337.74 + 64.09aB N.A.
100 794.84 + 181.52bA  710.152 + 44.68bA  901.01 + 108.31bA N.A.
112148 +
200 846.95 + 236.21bA 1444.22 + 230.83cB 211.66bcAB N.A.
400 1489.29 + 119.33cA  2328.77 +173.74dB  1336.98 + 179.31cA N.A.

Values shown are means + SE. For each tissue type, different lowercase letters in a column indicate significant
differences between treatments; different capital letters in a row denote significant differences among the genotypes
undergoing the same treatment.

In the roots, sodium contents increased under applied salt stress to threshold limits than that of
stems (Figure 6B), up to about 1 mmol g~! DW in all studied genotypes under 400 mM NaCl (the roots
of P. halimoides were not investigated due to the aforementioned reasons). The most uniform decreasing
pattern in K* content was observed at root level (Figure 6D); the highest reduction percentage as
compared to control plants was recorded in P. oleracea L. subsp. oleracea (80.94%) contrary to P. grandiflora
with only a 24.5% reduction when compared to untreated control plants. This translates to the biggest
drop in K*/Na* ratios being in P. oleracea L. subsp. oleracea again (Figure 6F). Chloride contents
increased in parallel to applied salt in all genotypes, showed the highest accumulation in P. oleracea L.
subsp. oleracea (Table 2).
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2.7. Principal Component Analysis

A principal component analysis was performed with all analyzed parameters (except those of
total soluble sugars and ions in roots due to the incomplete data set in P. halimoides). Five components
were found with an Eigenvalue higher than 1, with their cumulative weight accounting for almost
90% of the total variability. The first component, explaining 34.87% of the variability was positively
correlated with the levels of total phenolics (TPC) and flavonoids (TF), and K* in leaves, and to lesser
extent to those of chlorophyll a (Chla) and (Chlb) and negatively with morphological parameters
such as length of the leaves (LL), number of shoots (NS), number of flowers (Flo), and stem length
(SL) (Figure 7). The second component explaining an additional 29.87% of variability was positively
correlated with levels of osmolytes: Proline in roots (ProR) and leaves (ProL), and total soluble sugars
in leaves (TSSL), and carotenoids (Caro) and negatively with the water content of roots (WCR) and
leaves (WCL), fresh weight of leaves (FWL) and the ratio K*/Na* in leaves (Figure 7). Regarding the
projections of the genotypes on the scatterplot, P. oleracea susp. oleracea (OLE) separated from the other
three analyzed, mostly due to high content of TP, TF and K* in the salt-stressed plants. Controls of
the other three taxa are grouped together. Interestingly, plants from the most stressful treatment of
400 mM NaCl were separated along the first axis, except those of P. halimoides (HAL), which was clearly
related to the second component. On the other hand, only P. grandiflora (GRA) was projected on the left
side of the graph together, related with higher leaf length (LL), number of shoots (NS) and flowers
(Flo), indicating a better response to salinity (Figure 7).
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Figure 7. Principal component analysis based on the morphological and biochemical traits measured
in plants from control (green), 100 (grey), 200 (blue) and 400 mM (red) NaCl treatments of Portulaca
oleracea susbp. oleracea (OLE), P. oleracea cultivar “Toucan Scarlet Shades” (TOU), P. grandiflora (GRA)
and P. halimoides (HAL). Abbreviations of the analyzed parameters: SL%, stem length percentage
(control being 100%); NS, number of stems; LL%, leaf length percentage (control being 100%); flower
bud, number of flower buds; Flo, number of flowers; FWL%, fresh weight percentage of leaves (control
being 100%); WCL%, water content percentage in leaves; WCR%, water content percentage in roots;
ProL, proline in leaves; ProR, proline in roots; TSS, total soluble sugars in leaves; MDA, malonaldehyde;
TPC, total phenolic compounds; TF, total flavonoids; CL, chloride in leaves; NaL, sodium in leaves; KL,
potassium in leaves; K/NaL, potassium over sodium ratio in leaves.

3. Discussion

Purslane (P. olereacea) has been proposed as an ideal candidate to be used as a halophytic crop
with high nutritional value in the drainage water reuse system [39], and it was reported to accumulate
higher biomass under mild salt concentrations and complete its life cycle even at a high salinity
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level (approximately 350 mM NaCl), maintaining its shoots free of visible salinity induced injury or
nutrient deficiency symptoms [39]. This species was reported as moderate salt tolerant in many other
studies [40-42]. Besides the accumulation of Na* and CI~, there are reports regarding its ability to
accumulate higher levels of K* in shoots in conditions of salt stress, reflected in the K*/Na* selectivity
coefficients [39]. Due to its salt tolerance and edible properties purslane was regarded as a good
candidate for soil desalinization [43,44], and given its potential in retaining toxic ions, also in heavy
metals decontamination [45-47]. In a recent metabolomics study performed on two cultivars of
purslane, 132 different metabolites were marked for their significant variation under salinity, notably
an increase in proline and other amino acids, neutral and soluble sugars, sugar alcohols, amines,
etc. [48]. Growth of both cultivars was strongly affected by the salinity, starting with 100 mM NaCl but
metabolic response of the cultivars differed. Also, strong differences in growth parameters, flowering,
mineral content or mechanism of salt tolerance were reported when comparing different genotypes of
P. oleracea [49,50]. In a study analyzing responses to salt stress in a wild and a cultivated variety of
P. oleracea, simultaneous changes in multiple traits indicated that the two genotypes employed different
strategies in allocating resources to cope with saline stress [51]. This great phenotypic plasticity makes
the species, and at a larger extent the genus Portulaca as a whole ideal for comparative studies focused
on the better understanding of mechanism of stress tolerance [52].

Contrary to purslane, which was extensively analyzed in recent years, due to its interest as crop
and medicinal plant, only little is known on the other two species included in the study. P. grandiflora
has been reported as salt tolerant and as an accumulator of proline [53]. Recently, in addition to the
C4 photosynthesis common in the genus Portulaca, the pathway CAM was found in cotyledons of
this species [54]. According to our knowledge, there are no studies regarding the salt tolerance of
P. halimoides, except our previous reports on germination and early seedling growth in P. oleracea,
P. grandiflora and P. halimoides [55] which revealed a greater resilience to drought of the latter, and a
seemingly better response to salinity in P. grandiflora.

The data presented in this work confirm the salt tolerance of purslane and of congener species.
The four Portulaca genotypes survived 5 weeks of salt treatments even when 400 mM NaCl was applied.
However, growth was affected which was expected since the most common effect of salinity is the
inhibition of plant growth [13]. Growth inhibition under stress conditions is strongly related to the
redirection of plant resources such as energy and metabolic precursors from their primary metabolisms
and growth for the activation of defense mechanisms [14]. Although all Portulaca genotypes followed
the same pattern of growth response, the smallest reduction of all growth parameters was observed in
P. grandiflora, which at the end of the salt treatments showed a slight increase of the leaf length and only
a small reduction of the shoots fresh weight and water content. This can be explained by a decrease in
growth in terms of dry matter while the plants have retained their water content notably in the leaves,
around 90% even under the highest applied stress (Figure 3B). This good water retention in the leaves
could be explained by the constitutive succulence of the leaves of the Portulaca species. Succulence
in combination with other adaptive traits, such as reduced leaf surface, leaf thickness, increased cell
wall plasticity, or a small number of stomas per unit area, is considered one of the defining features of
halophytes as an adaptive structural trait. In addition, the succulence has the effect of diluting the
salts that can accumulate in the plant’s organs, which allows the plant to cope with a large amount of
salts [56]. Previous reports suggest that the osmotic potential of the sap from the leaves of plants grown
under saline conditions can change to maintain a constant water uptake from the soil, based also on
the osmotic adjustment at the root level [57-59]. A better response in terms of growth parameters
to salt stress of this P. grandiflora, especially to the highest concentration of 400 mM NaCl, was also
reflected in the scatter plot of the principal component analysis. On the other hand, it was observed
that relatively small supplements in salt concentrations were enough to reduce vegetative growth and
plant development in some genotypes (P. oleracea L. subsp. oleracea and P. halimoides). Greater salt
tolerance of P. grandiflora was highlighted also by its flowering rate under salt treatments.
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Applied salinity is known to have deleterious effects on the photosynthetic pigments in stressed
plants, due to activity of ROS which accumulate due to oxidative stress resulting from ionic toxicity
and osmotic imbalance [60]. A reduction in the photosynthetic pigments is considered a frequent
response of the plants encountering stressful environments [61] being negatively correlated with their
relative degree of tolerance to stress conditions [62]. Remarkable decreases in chlorophyll content as
a result of drought and salt stress have been observed in various plant species including both trees,
and herbaceous species, such as Paulownia imperialis [63], Phaseolus vulgaris [64], Carthamus tinctorius [65],
Salicornia prostrata [66] or Inula crithmoides [67] but with some exceptions among halophytes including
Tecticornia indica [68], Sesuvium portulacastrum [68], Salvadora persica [69], Sarcocornia fruticosa [70]. In the
latter it has been observed that under saline conditions the leaf pigment content varied; in some species
the total chlorophyll content was significantly enhanced exhibiting a gradual salt-dependent increase
(T. indica and S. portulacastrum) whereas in others (S. persica or S. fruticosa) no significant changes were
evidenced in chlorophyll a, b, total chlorophyll, and carotenoid contents with increasing salinity [69].

Previous reports indicate that purslane accessions subjected to salt stress generally showed a
reduction of their chlorophyll concentration but the relative reductions with respect to the non-stressed
controls were maintained below 40%, even at 32 dSm™!, the highest salinity tested [71]. Our findings are
in accordance with previous results indicating that a decrease in chlorophylls in some studied genotypes
under stress, notably P. oleracea L. subsp. oleracea and to a lesser extent in P. grandiflora. On the other
hand, an increase in these pigments was registered in P. oleracea “Toucan Scarlet Shades” and P. halimoides
which is not unusual in plants undergoing low to medium-level stress, as a requirement to enhance the
capacity for stress-defense. However, this precedes the expected degradation in case these unfavorable
conditions are prolonged [72]. Carotenoids contents increased under the highest concentration of
NaCl applied in all studied genotypes except P. oleracea subsp. oleracea. Some carotenoids such as
xanthophylls and B-carotenes are well-known for their radical quenching activities, rendering them
invaluable for photoprotection against accumulating ROS [73].

Growth parameters are important stress indicators used to evaluate the impact of different stresses
on plants; but when they are combined with “stress biomarkers” which are associated with specific
plant responses, they can provide useful information about tolerance mechanisms.

Prior investigations carried out in different plant species confirm that the accumulation and
increased production of proline is correlated with stress tolerance. In transgenic tobacco plants,
increasing proline content led to an enhanced resistance to drought and salinity [74]. These transgenics
over-expressed the P5CS gene—encoding the enzyme that controls the rate-limiting step of proline
biosynthesis from glutamate. However, proline accumulation is not always positively correlated with
stress tolerance, but could also serve as a symptom of injury in leaves caused by salt [75]. Such were
the results obtained especially in food crops rather than halophytes. A previous report reveals that
sorghum genotypes differed in their sensitivity to salt [76]. Other studies indicate a negative correlation
of proline accumulation with tolerance; for example, in two Phaseolus sp. the highest concentrations
were measured in the most sensitive genotypes [77]. Similar results have been reported in maize,
where proline accumulation in the salt tolerant genotypes (Zea mays L. cv. Ceratina) was significantly
lower than that in the salt sensitive one (Zea mays L. cv. Sacharata) as well as in rice (Oryza sativa L.)
with lower levels in cultivar IR28 (salt susceptible) than in Pokkari (salt tolerant) [78,79]. The results
reported in this work indicate that the concentration of proline in the genotypes analyzed could not be
related to their salt tolerance. Although, proline levels significantly increased in all selected genotypes
in salt stressed plants, the smallest increment was registered in the most least damaged genotype,
P. grandiflora.

The accumulation of total soluble sugars (TSS) in plants has been reported to play a role in
response to abiotic stresses in many plant species [80]. The role of soluble sugars might be masked
by their additional roles in plants as being products of the photosynthesis or components of primary
metabolisms, signaling or regulatory networks which make sometimes difficult to clearly define their
specific contribution to stress tolerance [81]. In the current research, levels of TSS increased only
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slightly in response to salinity, or their concentrations even decreased. As such, it is difficult to assess
their role in salt tolerance of the analyzed taxa.

As reported for many other plant species, MDA is a product of membrane lipid peroxidation
which is considered as a reliable biochemical oxidative stress marker; high MDA level should be
correlated with high degree of oxidative stress [82]. However, our results show that MDA levels
exhibited only minor variations that could not be correlated with the concentration of salt applied or
with the degree of salt tolerance of the genotypes. This reflects a low to no oxidative stress among the
investigated four genotypes. It can be concluded that lipid peroxidation due to oxidative stress could
not occur within such a short period of applied stress (5 weeks).

Phenols and flavonoids are secondary metabolites which act as antioxidants, and their
accumulation in plants can reduce the oxidative damage caused by abiotic stresses [83]. Total phenolic
compounds (TFC) and total flavonoids (TF) increased significantly under salt stress mostly in P. oleracea
subsp. oleracea, which also contained high concentrations in control plants, and to a lesser extent in its
cultivated variety “Toucan Scarlet Shades”, but not in the other two species analyzed.

High level of salt stress alters homeostasis in water potential and ion distribution. Drastic changes
caused by the accumulation of Na* and Cl~ lead to molecular damage, growth arrest and even plant
death due to the induced cytoplasmic toxicity [84]. To achieve tolerance against stress plants are
controlling homeostasis by regulating ion transport within the plant, cellular uptake and intercellular
distribution of Na+ and other toxic ions. Glycophytes activate mechanisms to reduce the uptake of Na+
and Cl-at root level or block their transport to the aerial parts of the plant, whereas dicotyledonous
halophytes accumulate and sequester toxic ions in their vacuoles [84]. Our results show that Na*
concentrations increased with to the concentration of NaCl applied and were significantly higher in
the leaves of the selected Portulaca genotypes than in their roots, indicating that they act as sodium
accumulators. In general Na™ accumulation is associated with a decrease of K* levels since these two
cations are competing for the same binding sites. A significant reduction of K* was observed in the
roots of all plants from the 400 mM NaCl treatment, but this was associated with an increase of its
levels in leaves, indicating that the active transport from roots to leaves is as essential mechanism of salt
tolerance in the analyzed Portulaca genotypes. The low accumulation of Na™ in leaves associated with
only a small reduction of the ratio between K* and Na* in leaves, and a small decrease of K* in roots
in plants of P. grandiflora submitted to 400 mM NaCl concentration, are the key elements explaining its
better adjustment to high salinity. P. grandiflora was also the species with the lowest accumulation of
CI™ in roots and leaves under higher salt concentrations.

4. Materials and Methods

4.1. Plant Material and Stress Treatments

Three species of Portulaca were included in the study, purslane (P. oleracea L), moss rose (P. grandiflora
Hook.) and silkcotton purslane (P. halimoides L.). Of the first species, two genotypes were compared,
the wild P. olereacea subsp. oleracea and the cultivar P. oleracea “Toucan Scarlet Shades”. Seeds used in this
experiment were received from different Botanical Gardens (Botanicher Garten der Universitat Ziirich,
Botanischen Garten der Universitit Potsdam, Hortus Botanicus Bergianus—Bergianska tradgarden,
Gradina Agro-Botanica USAMYV Cluj-Napoca) based on the Agreement on the supply of living plant
material for non-commercial purposes while the ornamental variety was purchased from a commercial
supplier from the USA.

Seeds of the four Portulaca genotypes (P. oleracea L. subsp. oleracea, P. grandiflora Hook., P. halimoides L.
and P. oleracea “Toucan Scarlet Shades”) were germinated in growth chambers under a photoperiod of
16 h, and a temperature of 25 °C. After 10 days of growth the seedlings were transferred individually to
0.5 L pots (9 x 9 x 10 cm) with a nutritive mix of peat:vermiculite:perlite (50:25:25) substrate. The plants
were grown in the greenhouse of the Institute for Plant Molecular and Cellular Biology, Valencia, Spain
(39°28’43.0” N 0°20"12.1” W) under the following conditions: Long-day photoperiod (16 h light/8 h
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dark), with light intensity of 130 ukE m~2 s, temperature (23 °C during the day and 17 °C at night),
Humidity ranged between 50-80% during the time course of the treatments. During the growing
period, seedlings were watered twice a week by adding 1.5 L by half-strength Hoagland’s nutrient
solution [85] to each tray (containing 12 pots).

Salt treatments were started after six weeks of growth [86] and applied to nine selected seedlings
with homogeneous growth stage per treatment. During salt treatments, plants were treated twice
a week with newly-prepared nutritive solutions supplemented with respective salt concentrations
(100 mM, 200 mM and 400 mM), applying 150 mL solution for each pot. To avoid osmotic shock of
salinity, the watering solution was added to the bottom of the trays providing thus a gradual absorption
of the solution. In the meantime, control plants were irrigated in the same regime barring any added
salt. Plants were harvested after 5 weeks of treatments. Plant roots, stems, and leaves were sampled
separately at harvest.

Electrical conductivity (EC) of the soil (pot substrate) was measured at the beginning (Control)
and at the end of the treatments applied to the four studied Portulaca genotypes. Soil samples were
taken from three different pots of every treatment, air dried, diluted and then passed through a 2-mm
opening sieve. The extract ratio used for determining EC was 1:5 soil:water mixture. The suspension
was prepared in Milli Q water and stirred for 60 min at 600 u/min at 23 °C. Electrical conductivity was
measured with a Crimson Conductometer 522. The values reported were expressed in dS m™.

4.2. Plant Growth Parameters

To determine the effects of applied salinity on plant growth, five plants per treatment per studied
accession were monitored for the following physiological parameters: (a) Stem length, (b) leaf length,
(c) number of stems and shoots, (d) number of flower buds and flowers, (e) dry weight and (f)
water content.

The length of the main stem was measured every five days during the applied treatment period.
The average of the five studied plants per stress treatment for every investigated accession was
calculated, before being converted into percentage relative to the observed average measured for each
species/cultivar’s control at that time point.

Similarly, the length of five leaves per plant was measured for the same aforementioned plants
per treatment for each studied accession. The leaves were chosen randomly from three different parts
(layers) of the seedling: Lower, middle and upper part. The mean length of the leaves (in cm) was then
calculated, and expressed as percentages of the average leaf length of the corresponding non-stressed
control, taken as 100%. The total number of shoots per plant developed under stressed and unstressed
conditions was recorded at the end of the treatments. In order to evaluate the reproductive traits,
the flower bud occurrence was monitored during the treatments. The total number of flower buds and
flowers for each treatment were averaged.

In addition to the above-mentioned growth parameters measured during the treatments,
stress-induced inhibition of plant growth was also assessed by determining the mean fresh weight (FW),
dry weight (DW) and water content (WC) of the leaves after 5 weeks of applied salt stress treatment.
The fresh weight (FW) of the plants was measured separately for leaves and roots. After harvest,
fresh plant material from both harvested tissues from all genotypes was weighed. The mean was then
calculated and expressed in percentages (relative to each genotype’s respective control, serving as
100%). After measuring the fresh weight, a part of the fresh material was dried in the oven for four
days at 65 °C, until constant weight in order to obtain DW. The fresh weight and dry weight data were
then used to calculate the water content percentage of the three harvested tissue per studied plant
according to the following formula [87]:

WC (%) = [(FW — DW)/FW] x 100
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4.3. Biochemical Plant Responses to Salt Stress

After plant harvest, biochemical analyses were carried out to assess the salinity-induced changes in
thelevels of different biochemical stress markers including: Photosynthetic pigments (Chlorophyll a and
b and carotenoids), osmolytes (proline, total soluble sugars), malondialdehyde (MDA), total phenolic
(TPC), flavonoids (TFC), and ionic content.

4.3.1. Photosynthetic Pigments

Chlorophyll a (Chl a), chlorophyll b (Chl b), and total carotenoid (Caro) levels were determined via
spectrophotometry, using 100 mg fresh leaf material from each of the four studied Portulaca genotypes.
The collected fresh leaves were ground in a MM 301 mixer mill in the presence of liquid N; and then
extracted with 1 mL ice-cold 80% acetone. Samples were mixed in the dark overnight on a shaker at
4 °C, before being centrifuged at 4 °C for 15 min (3,000 rpm). The supernatant (100 uL) was transferred
into new tubes and diluted with another 900 uL of ice-cold acetone. Samples were mixed thoroughly
and absorbance was recorded at 663, 646 and 470 nm. Five replicates were used for each treatment.
The amount of pigments in each sample was calculated according to the following equations (80%
acetone was used as blank) [88]:

Chl“‘a’ (pg mL™1) = 12.21 (A663) — 2.81 (A646);

Chl ‘b’ (ug mL~1) = 20.13 (A646) — 5.03 (A663);

Chl‘a’+'b’ (ng mL™1) = 20.13 (A646) — 5.03 (A663).

Caro (ug mL™1) = [1000 x A470 — (3.27xChl ‘a’) — (104 x Chl ‘b’)]/227

Final values of the photosynthetic pigments were expressed as mg. g~! DW.

4.3.2. Osmolytes

Free proline (Pro) content was measured in fresh tissue from the leaves and roots according to
the ninhydrin-acetic acid method of Bates et al. [89]. The frozen plant material was homogenized in
3% (w/v) aqueous sulfosalicylic acid, mixed with 1 mL acid-ninhydrin and 1 mL of glacial acetic acid.
Samples were incubated in boiling water for 1 h at 95 °C. To stop the reaction, samples were cooled
down in an ice bath and the reaction mixture was extracted with 2 mL toluene, mixed vigorously and
left at room temperature for phase separation. The absorbance of the supernatant was measured at
520 nm using toluene for blank. Proline concentration was determined from a standard curve and
expressed in pumol g~! DW. Total soluble sugar (TSS) content of the Portulaca samples was quantified
according to the method described by Dubois et al. [90]. Dried material was ground and mixed with
3 mL of 80% methanol on a rocker shaker for 24-48 h. The mixture was filtered and centrifuged at
13 000 rpm for 20 min. Concentrated sulfuric acid and 5% phenol was added to the samples and the
absorbance was measured at 490 nm. Glucose solutions of known concentration were used to obtain a
standard curve, and TSS contents were expressed as “mg equivalent of glucose” per gram of DW.

4.3.3. Malondialdehyde

Lipid peroxidation levels in the leaves of the four Portulaca genotypes were determined measuring
MDA content by using thiobarbituric acid-reactive substances (TBARS) assay, as described by Hodges
etal. [91]. The ground dry material (0.05 g) was extracted with 400 uL of methanol 80%, by mixing in an
orbital shaker for 12 h. After mixing, the sample was filtered through glass wool and then 800 uL of 20%
TCA and 800 puL of 0.65% TBA were added to the samples which were mixed vigorously and heated at
95 °C in a block heater for 25 min, cooled and centrifuged at 3000x g for 10 min. The supernatant’s
absorbance was recorded at 440 nm, 532 nm and 600 nm using a spectrophotometer. The blank was
prepared in the same way but without plant extract. MDA concentration was calculated from the
absorbance at 440, 532 nm and measurements were corrected for non-specific absorbance by subtracting
the absorbance at 600 nm. Malondialdehyde equivalents were expressed as pmol MDA g~! FW.
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4.3.4. Total Phenolic and Flavonoid Content

Total phenolic compounds (TPC) were quantified in leaves of the four Portulaca genotypes by
reaction with Folin-Ciocalteu reagent, according to Blainski et al. [92], using 50 puL of plant extract
(extracted from dry matter in 80% methanol). and measuring the absorbance at 765 nm using a
spectrophotometer. The amount of TPC was expressed as milligram of Gallic acid (used as standard)
equivalents per g of dry weight of the sample (mg eq. GA g‘1 DW). Total flavonoids (TF) were
determined by using the aluminum chloride colorimetric assay according to Zhishen et al. [93] protocol.
The absorbance of the samples was measured in comparison to the prepared blank reagent at 510 nm
using a spectrophotometer. The total flavonoid content of the leaves was expressed in equivalents of
catechin (mg eq. C g~! DW), used as standard.

4.3.5. Ion Content

To perform the ion content measurements, 0.05 g dried and ground plant material (leaves and
roots) was suspended in 2 mL distilled water and homogenized. The supernatant was transferred
to plastic tubes and boiled at 100 °C for 7 min. The samples were cooled down and centrifuged at
20,000x g for 10 min at 4 °C. The supernatant was transferred into a 1 mL syringe, and then passed
through 0.22 um filters. Na*, K* levels were quantified by using a Flame Photometer Jenway PFP7
while CI~ were measured using a potentiometer titrator—848 Titrino plus.

4.3.6. Statistical Analyses

All data was analyzed using IBM SPSS Statistics 19 (IBM Corporation, Portsmouth, UK) and
Statgraphics Centurion 18 (Statgraphics Technologies, The Plains, VA, USA). One-way analysis of
variance (ANOVA) was assessed at 95% confidence level to determine whether there were any
statistically significant differences between the means of the treatments within one genotype and for
all the genotypes undergoing the same treatment. When the ANOVA null hypothesis was rejected,
post-hoc comparisons were performed using Tukey’s honestly significant difference test at P < 0.05 to
determine significant differences between the means. The values shown throughout this manuscript’s
text, tables and figures, are means + SE. Furthermore, all parameters recorded in plants from control
and salt treatments were correlated by principal component analysis (PCA).

5. Conclusions

The testing of the interspecific variation in salinity in Portulaca genotypes allowed a better
understanding of the essential mechanisms of salt tolerance in this genus. Based on sustained
vegetative growth under applied salt stress, as a criterion for improved adaptability, P. grandiflora is
assumed to be the least susceptible of the genotypes studied. However, contrary to previous reports
in Portulaca, which considered proline accumulation as a key response to confer salinity tolerance,
the present study revealed only a small increase in proline in the more tolerant P. grandiflora. Our study
demonstrates that tolerance in the studied taxa depends rather on the maintenance of K* homeostasis.
When exposed to high salinity, all genotypes accumulated Na* and ClI~ in the roots and leaves at
substantial levels, acting as Na* and CI~ includers. The role of K* in the maintenance of cellular
functions is well documented and, as such, its sustained presence in these detrimental conditions
ensures the continuation of enzymatic functions and the maintenance of the integrity of photosynthetic
pigments, which guarantee greater tolerance. However, slight differences in ion transport have been
observed between the four genotypes studied. The significant increase of Na* in the leaves of P. oleracea
subsp. oleracea, P. oleracea “Toucan Scarlet Shades” and P. grandiflora at the highest salt concentration
applied and the decrease of the K*/Na* ratio in leaves with increasing salinity suggest that Na* was
transported in greater proportion than K* to this organ in these genotypes.
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