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Abstract: The vulnerability of commercial crops under a changing climate has led scientists to consider
wild crop species as alternative food sources. The aim of this study was to identify plastic physiologi-
cal and morphological traits that could be used to in vitro screen Amaranthus dubius and Galinsoga
parviflora seeds for drought, salinity, and heat tolerance. To establish the lethal dose/temperature,
50% (LD/Ts), for each stress, seeds for both were subjected to various mannitol and NaCl stresses
and a range of temperatures. Percentage seedling emergence was selected as the initial indicator of
tolerance and used to establish the LD/ Ts for in vitro screening for both species. Seeds of both were
then screened at the LD /Ts5q concentrations/temperatures established, and seedlings that emerged
after 21 days were measured for leaf area, root (RL), shoot length (SL), chlorophyll content (Chl), fresh,
dry mass, and leaf number. Data for these were used to quantify plasticity in terms of Valladares’s
phenotypic plasticity index. For A. dubius, three (viz. RL, SL, and Chl) showed some plasticity (>0.53)
and tolerance across all three stressors. For G. parviflora all traits except SL showed some plasticity
(>0.58) and tolerance across all three stressors. Both species had high phenotypic plasticity across all
three stressors, which suggests that wild leafy vegetables may possess the ability to tolerate climate
change-associated stressors and should be considered for future breeding programs.

Keywords: lethal dose/temperature 50% (LD/Tsp); morphological traits; phenotypic plasticity index;
physiological traits; tolerant phenotypes; wild leafy vegetables

1. Introduction

Wild leafy vegetables (WLVs) are edible crops that are often used to supplement
poorer diets in many developing countries, such as South Africa (SA) [1-4]. Most WLVs
are richer in minerals and nutrients than their commercial counterparts and can serve as
alternative or supplemental food sources [1-7]. Two such WLVs are A. dubius Mart. ex
Thell. and G. parviflora Cav. 1796 belonging to the families Amaranthaceae and Asteraceae,
respectively [4-8]. Both these species have weed-like qualities, such as cosmopolitan
distribution, fast life cycles, and the production of a large number of seeds, which allows
WLVs to thrive under a changing climate [2,6,8]. Both are utilized as supplementary crops
during times of famine, and both particularly can be used for medical purposes (viz. it has
antioxidant, antibacterial, and cardioprotective properties) [2,4,5,7,8].

Climate change is leading to food security concerns globally and three climate change-
induced scenarios of concern in SA are drought, salinity, and heat stress; these stressors pose
threats to current food security and as such, were selected as the stressors of interest in the
present study [7,9,10]. In order for WLVs to be considered alternative food sources, plant
scientists need to understand their responses to climate change-induced stressors [3,7,11].
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Plants respond to stress by adjusting their biochemical, physiological, and morphological
traits in order to be able to tolerate or avoid stress [12-18]. Phenotypic plasticity is the phenomenon
whereby plants adjust their phenotypes to avoid and/or tolerate stress/es [16-20]. Having high
phenotypic plasticity allows for various phenotypic combinations that could result in a
phenotype that is tolerant to various abiotic stressors [14,17]. In order for the survival of the
species, adaption/tolerance to stress must occur at a population level [13,17,21]. Therefore,
a population with high phenotypic plasticity could produce tolerant phenotypes [13,17,21].

Breeding programs inherently decrease the phenotypic and genetic diversity of the
population/species being bred, and this is a well-documented phenomenon in many highly
bred commercial crop species [15,22-24]. This, however, can be mitigated by introducing
new genetic and/or phenotypic diverse materials into breeding these programs [5,24-27].
Wild leafy vegetables are known to have higher phenotypic plasticity, meaning that they
have unused genetic potential that could be used in breeding programs [2,7,8,24,27,28].
Some WLVs species have been bred, particularly within the genus Amaranthus to increase
the biomass and yield of A. hypochondriacus [5]. However, at the time of this study, there
was no published information on the breeding or phenotypic plasticity of A. dubius and
G. parviflora.

One important step in breeding is to screen the genetic material and identify tolerant
phenotypes to the stress/es [25,27,29-31]. Screening techniques include field, pot, and
in vitro systems which have all been effectively used previously to screen and/or select
stress-tolerant genotypes [32]. Pot and in vitro screening are more cost and space-efficient,
as they allow for a larger number of genotypes to be screened simultaneously, and for
control to be maintained over the environmental components; however, it is always prudent
to subsequently verify pot and/or in vitro screening with field screening trials [26,27,29,33].
However, field screening is complicated, labor intensive, and challenging in terms of
ensuring homogeneity across the experimental area and considering the environmental
conditions [23,26,27,34]. Slabbert et al. [32] screened three Amaranthus species (viz. A. hy-
brids L., A. hypochondriacus, and A. tricolor L.) using in vitro screening techniques in order to
reduce the expense of greenhouse and field trials. In a study by Lin et al. [35] G. parviflora
seedlings were screened for cadmium (Cd) tolerance using both pot and field techniques.
Seed germination and early seedling development of plants are the most sensitive to climate
change-induced stress/es [5,34].

In order to identify tolerant phenotypes, physiological and /or morphological traits
that show tolerance to stress need to be measured [31,36]. Previous studies on screening
Amaranthus species have used physiological (e.g., chlorophyll content (Chl)) [36-38] and
morphological traits (viz. fresh mass (FM), dry mass (DM), leaf area (LA), and the number
of leaves) [4,38,39] to differentiate between tolerant and sensitive genotypes. One published
example of a screening study available on G. parviflora used morphological traits such as
root length (RL), FM, and DM [40]. At the time of this study, there were no published studies
on any Amaranthus species or G. parviflora using shoot length (SL) as a tolerance-indicating
trait. However, the trait has been used widely to screen for stress tolerance in other crop
species [41-43]. Identifying species/populations with high phenotypic plasticity based
on plastic and tolerance-indicating traits would expedite breeding progress, especially in
underutilized WLVs [5,17,19,20,39].

The present study aimed to develop in vitro screening protocols for drought, salinity,
and heat tolerance for A. dubius and G. parviflora seeds. This involved creating in vitro
screening protocols based on phenotypic plasticity by evaluating selected morphological
and physiological traits under each stress. By doing so, the study provides essential initial
information, specifically screening protocols, which are necessary for future breeding
programs of A. dubius and G. parviflora. It also identified plastic traits that could be used in
these screening protocols.
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2. Materials and Methods
2.1. Plant Material

Seeds for both A. dubius and G. parviflora were harvested from a wild population
growing on the grounds of Randles Nursery in KwaZulu-Natal (KZN), South Africa
(29°49'25.79" S; 30°58'52.82" E) and on the grounds of the University of KwaZulu-Natal
(KZN), South Africa (29°41'11.65" S; 30°56'44.75" E), respectively. The voucher specimens
of both species were identified and are housed in the Bews Herbarium at the University of
KwaZulu-Natal, Pietermaritzburg campus, South Africa (CAA 01/2020 and CAA 02/2020,
A. dubius and G. parviflora respectively). The seeds of both species were stored in open trays
at room temperature until further use. Please refer to Appendix A for visual representation
of the methods described below.

2.2. Seed Surface Sterilization and In Vitro Culture

Seeds of both species were imbibed in deionized water (d.H,O) for 1 h on a shaker at
120 rpm prior to seed surface sterilization. It should be noted that seed surface sterilization
protocols were established prior to this experiment to ensure that sterilization did not
compromise viability while simultaneously reducing microbial contamination. Seeds of
A. dubius and G. parviflora were surface sterilized in 0.5% and 1% (v/v) sodium hypochlorite,
respectively, with a few drops of Tween-20® (which was used to break surface tension)
on a shaker at 120 rpm for 10 min, and then rinsed three times in sterile deionized water.
Sterilized seeds were used for further investigation. Standard medium—which consisted
of half-strength Murashige and Skoog basal salt with vitamins medium [44] (MS), 30 g/L
sucrose, and 8 g/L agar—was placed onto Petri dishes (65 mm) for further investigation.
Prior to being autoclaved, at 121 °C and 1.2 kg/cm? for 25 min, the pH of all media was
adjusted to 5.6-5.8.

For both species, all cultures pertaining to screening for drought and salinity tolerance
were maintained in a growth room under 16 h light (200 pmol/m?/s)/8 h dark photoperiod
at 26 °C (day)/23 °C (night) (note that these temperatures will act as the control for the
heat stress). However, all heat cultures were instead kept in growth chambers (Model
GC-300TLH Plant Growth Chamber 150B Lab CompanionTM (Seoul, Republic of Korea))
set at 16 h light (370.37 umol m~2 s~1)/8 h dark photoperiod. After 14 days in culture,
uncontaminated seeds/seedlings were subcultured onto fresh standard media for a further
7 days.

2.3. Establishment of LDsg for Drought, Salinity, and LT5) Heat Stress

Under aseptic conditions, 40 seeds each, of A. dubius and G. parviflora were plated onto
standard germination media (as described in Section 2.2) which for drought and salinity
stress were supplemented with mannitol (0, 100, 200, 300, 350, and 400 mM for A. dubius,
and 0, 100, 200, 300, 400 and 500 mM for G. parviflora) and NaCl (0, 80, 120, 160, 200 and
240 mM for A. dubius, and 0, 40, 60, 80, 100, 140, 160 mM for G. parviflora), respectively.
When screening for heat tolerance, both A. dubius and G. parviflora cultures were placed in
a growth chamber at temperatures increasing in 5 °C increments day/night of 20 °C/9 °C,
25°C/14°C,30°C/19°C,35°C/24°C,40°C/29 °C, and 45 °C/34 °C.

Germination and seedling emergence totality were recorded after 21 days and ex-
pressed as a percentage (%). Seeds were considered germinated when at least 2 mm of the
radical had protruded, while seedling emergence was considered when the first two leaves
had unfurled. Percentage seedling emergence was selected as the initial tolerance indicator
trait for both species under all three stressors and it was therefore, used to establish the
concentrations/temperatures that inhibited seedling emergence by 50% (LD/Tsg) for both
species under all three stressors. For all three stressors, for both species, the percentage
seedling emergence data at day 21 were used to calculate the LD/ T, from a linear regres-
sion analysis of the three stressors against percentage seedling emergence, using the linear
equation y = mx + ¢, at the regression coefficient of r> > 0.62 and r? > 0.84 for A. dubius
and G. parviflora, respectively.
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2.4. In Vitro Screening for Phenotypic Plasticity at LD/T5

Eighty seeds of A. dubius were placed on the standard media (as described in Section 2.2)
which was supplemented with either 255.43 mM mannitol or 148.65 mM NaCl for drought
and salinity stress, respectively. While seeds of G. parviflora were placed on the standard
media supplemented with either 239.41 mM mannitol or 102.40 mM NaCl for drought and
salinity stress, respectively. For the LT5( for heat stress which was 41.11 °C (day)/30.11 °C
(night) and 34.91 °C (day)/23.91 °C (night) for A. dubius and G. parviflora, respectively,
seeds were placed in a growth chamber (same conditions as Section 2.2). After 21 days,
both species had their leaf area (cm?), root, shoot length (cm), fresh mass (g), dry mass
(g), leaf number, and leaf chlorophyll content (Minolta SPAD-502, Minolta Camera Co.
Ltd., Osaka, Japan) [45] measured in all emerged seedlings. Dry mass was determined
after the whole plant material was placed in an oven at 80 °C for 48 h, and leaf area (cm?)
was measured using a flat-bed scanner and processed through image analysis software
(Image]®, Version 1.530, 2022) [46].

For both A. dubius and G. parviflora, the phenotypic plasticity indices (PPI) (PPI = (max-
imum value — minimum value)/maximum value as per Valladares et al. [19]) were cal-
culated for each of the seven traits measured in the seedlings exposed to all of the three
stressors. The mean phenotypic plasticity (MPI) was also calculated by averaging the seven
traits” PPI for each stress, and by averaging a single trait’s PPI across each stress, this would
identify those plastic traits for both species that were common across all three stressors.

2.5. Statistical Analyses

All statistical analyses were performed using PASW 27 (SPSS Inc., Chicago, IL, USA).
All data were tested for normality using the Shapiro-Wilk test (p > 0.05). All percentage
data were arcsine transformed. For normally distributed data, a two-way ANOVA (p < 0.05)
was used to test for significant differences (1) in percentage germination and seedling
emergence across the various concentrations/temperatures for each stress LD /T curve for
both A. dubius and G. parviflora and (2) among the control and stressors of the selected mor-
phological and physiological traits. A Tukey post hoc test was used to separate significantly
different data. A t-test (p < 0.05) was then run to establish whether there were significant
differences between the percentage germination and seedling emergence protocols within
each concentration measured for each stressor, to identify the tolerance discriminating trait
to establish the in vitro screening protocol. Differences in the relationships between per-
centage seedling emergence and the concentrations/temperatures for both species across
each stressor were determined using a comparison of regressions. Please note that all
data were non-parametric and were therefore subjected to one of two transformations: log
or square root, except where data had been arcsine transformed. Where parameter data
(which was all) were not normally distributed, a non-parametric Kruskal-Wallis (ANOVA)
or Mann-U-Whitney (t-test) was run on untransformed ranked data.

3. Results
3.1. Establishment of LDs for Drought, Salinity, and LTy Heat Stress

The identification of an initial tolerance-indicating trait was necessary in order to
develop in vitro screening protocols for both species; therefore, percentage (%) germination
and seedling emergence were measured in seeds that were subjected to drought, salinity,
and heat stress for 21 days. For A. dubius (Figure 1A-C) and G. parviflora (Figure 2A-C),
under all three stressors, there were significant inverse proportional relationships observed,
where an increase in stress intensity (concentration/temperature) caused a significant
decrease in percentage germination and seedling emergence.
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Amaranthus dubius seeds under the higher mannitol (350 and 400 mM) recorded
significantly lower percentage germination and seedling emergence (0%) than those grown
under control conditions and lower mannitol (100 (100%) and 200 mM (87.50 £ 15.00%))
(Figure 1A). Amaranthus dubius seeds that were exposed to increasing salinity showed a
decline in percentage germination and seedling emergence, where at 200 and 240 mM,
the germination and seedling emergence were significantly lower than when exposed to
0 mM (100%), 80 mM (95.00 £ 5.77%), and 120 mM (92.50 & 9.57% and 90.00 + 14.14%,
respectively) (Figure 1B). Seeds of A. dubius grown under 25 °C/14 °C and 30 °C/19 °C,
recorded 100% germination and seedling emergence which was significantly higher than
the percentage germination and seedling emergence at 20 °C/9 °C (60.00 £ 0.00% and
45.00 £ 5.77%, respectively) and at the highest stress intensity 45 °C/34 °C (which was 0%
for both parameters) (Figure 1C). There were no significant differences between percentage
germination and seedling emergence when A. dubius seeds were exposed to various drought
and NaCl levels. It is important to note that the only significant differences between
percentage germination and seedling emergence for A. dubius were recorded at 20 °C/9 °C,
where percentage seedling emergence (45.00 £ 5.77%) was more sensitive than percentage
germination (60.00 = 0.00%) (t-Test, p = 0.29). Therefore, because percentage seedling
emergence showed more sensitivity to heat stress (whilst the other two stresses showed no
difference), this parameter was used as the initial tolerance-indicating trait.

Galinsoga parviflora seeds exposed to various (drought) exhibited significantly lower
germination at 400 mM and 500 mM, where 30% and 0% germination were recorded, re-
spectively (Figure 2A). At 300 mM mannitol, G. parviflora exhibited 20.00 = 8.17% seedling
emergence—0% at 400 and 500 mM. These were significantly lower than the percentage
seedling emergence recorded at the lower mannitol (0 and 100 mM) concentrations. Per-
centage seedling emergence was more sensitive than percentage germination at 200 mM,
300 mM, and 400 mM mannitol in G. parviflora seedlings. Galinsoga parviflora decreased
percentage germination and percentage seedling emergence when exposed to increasing
salinity (Figure 2B). When G. parviflora seeds were exposed to salinity, percentage ger-
mination and percentage seedling emergence at 100 mM, 140 mM, and 160 mM were
significantly lower than percentage germination and percentage seedling emergence at
0 mM (100%). Note that at 140 and 160 mM NaCl, G. parviflora recorded the same values
for both percentage germination and percentage seedling emergence (7.50 £ 5.00% and 0%,
respectively). There was no difference between percentage germination and percentage
seedling emergence of G. parviflora when exposed to salinity. Seeds of G. parviflora exposed
to increasing day/night temperatures decreased percentage germination and seedling emer-
gence. For example, at 40 °C/29 °C and 45 °C/34 °C there was 0% germination recorded
and it was significantly lower than the percentage germination at lower temperatures (viz.
20 °C/9 °C, 25 °C/14 °C and 30 °C/19 °C) (Figure 2C). Similarly, percentage seedling
emergence recorded 0% at 40 °C/29 °C and 45 °C/34 °C was significantly lower than the
percentage seedling emergence at lower temperatures (viz. 20 °C/9 °C, 25 °C/14 °C and
30 °C/19 °C). The only significant differences between percentage germination and per-
centage seedling emergence for G. parviflora when exposed to heat stress were recorded at
35 °C/24 °C, where percentage seedling emergence (57.50 £ 5.00%) was more significantly
lower than percentage germination (75.00 & 5.77%) (t-Test, p = 0.004). It is important to note
that under drought stress and various temperatures percentage seedling emergence was
more sensitive than percentage germination. Therefore, for both A. dubius and G. parviflora
percentage seedling emergence was used as the initial tolerance-indicating trait.

The data for percentage seedling emergence were then used to determine the concentra-
tions/temperatures that inhibited seedling emergence by 50% (LD/Ts) for use in subsequent
experiments for both A. dubius (Figure 1A—C) and G. parviflora (Figure 2A-C). For A. dubius
the calculated lethal doses (LD/Tsp), where 50% of seedling emergence was inhibited
by the stressor were as follows: 255.43 mM mannitol for drought stress (—0.63 MPa)
(y = —0.2737x 4+ 119.91, r? = 0.80); 148.65 mM NaCl for salinity stress (y = —0.4625x +
118.75, r? = 0.85); and 41.11 °C/30.11 °C for heat stress (y = —4.25x +224.75, 2 = 0.62).
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For G. parviflora, the calculated LD/Tsy were as follows: 239.41 mM mannitol for drought
stress (—0.59 MPa) (y = —0.2357x + 106.43, r? = 0.91); 102.40 mM NaCl for salinity stress
(y = —0.6947x +121.14, 2= 0.84); and 34.91 °C/23.91 °C for heat stress (y = —5.8x + 252.5,
r? = 0.92). Comparison of regressions showed significant although marginal differences
(r2 = 0.252 + 0.533; p <0.013, curve estimation) between drought, salinity, and heat stress
when percentage seedling emergence of A. dubius seeds was compared across the stressors.
For G. parviflora seeds, the comparisons of regressions were strongly and significantly
different (r> = 0.834 + 0.091; p < 0.001, curve estimation) between drought, salinity, and
heat stress when percentage seedling emergence was compared across the stressors.

3.2. In Vitro Screening for Phenotypic Plasticity at LD/T5

The mean leaf areas (LA) of A. dubius seedlings exposed to 41.11 °C/30.11 °C (0.65 + 0.15 cm?)
and control (0.56 + 0.29 cm?) conditions were significantly higher than the mean LAs under
the other stresses (Table 1). The mean LA of A. dubius seedlings exposed to 148.65 mM
salinity (0.07 & 0.03 cm?) was significantly higher than the mean LA of those exposed
to 255.43 mM mannitol (0.03 + 0.01 cm?). Galinsoga parviflora control seedlings had sig-
nificantly higher mean LA than those exposed to the stressors; there were no significant
differences between the mean LAs of seedlings exposed to the stressors (Table 2).

Table 1. Leaf area, root length, shoot length, chlorophyll content, fresh mass, dry mass, and number
of leaves of A. dubius seedlings that showed tolerance to the LD/T5j concentrations/temperatures
of drought, salinity, and heat stress in vitro after 21 days. Values represent mean + SD (n = 40).
Values labelled with different letters indicate significant differences amongst the control and stressors
(p <0.05, ANOVA).

Stressor Leaf Area (cm?)

Chlorophyll Content

(SPAD Units) Number of Leaves

Root Length (cm) Shoot Length (cm) Fresh Mass (g) Dry Mass (g)

Control 0.56 £ 0292
(2?52;%:;\/[) 0.03 £0.01¢
(14583.2&;1 1txr?IM) 0.07 £ 0.03°

(41.11%&%1 °C) 0.65+0.152

3.67 +0.84° 1.65+ 051 1228 +2.98° 0.0619 + 0.0371 2 0.0022 + 0.0013 2 5.83 + 0.68 2
0.79 +0.26¢ 0.40 £ 0.08°¢ 231 4067°¢ 0.0051 =+ 0.0013 € 0.0004 + 0.0002 2,00 £ 0.00 €
047 £027°¢ 0.59 4+ 0.25 ¢ 226+ 1.53°¢ 0.0067 = 0.0030 0.0004 -+ 0.0002 P 2.00 4 0.00 €
6.14+£1592 417 £0302 19.70 + 3372 0.0797 £ 0.0274 2 0.0029 -+ 0.0007 @ 463 +049°

Table 2. Leaf area, root length, shoot length, chlorophyll content, fresh mass, dry mass, and number
of leaves of G. parviflora seedlings that showed tolerance to the LD/Ts5, concentrations/temperatures
of drought, salinity, and heat stress in vitro after 21 days. Values represent mean + SD (n = 40).
Values labelled with different letters indicate significant differences amongst the control and stressors
(p <0.05, ANOVA).

Chlorophyll Content

Stressor Leaf Area (cm?) Root Length (cm) Shoot Length (cm) (SPAD Units) Fresh Mass (g) Dry Mass (g) Number of Leaves
Control 0.49 + 0.402 328+ 1472 0.36 +0.24¢ 1723 +£9.292 0.0769 + 0.0513 2 0.0026 + 0.0015 2 6.25 + 1.56 2
(zggrg‘fi‘;[) 0.04 +0.02° 1.54 + 0.64 b¢ 0.43 +0.08 P 490 +3.64" 0.0075 + 0.0073 0.0006 + 0.0006 © 238+ 077
Salinity b ¢ ¢ b b b b
(102.40 mM) 0.06 + 0.04 1.17 4 0.87 0.31 +0.12 551 + 3.84 0.0071 + 0.0064 0.0006 + 0.0006 2,63 + 1.33
Heat 0.06 + 0.03 P 1.64 +0.62° 0.91+0.172 2,90 + 0.92° 0.0077 + 0.0038 0.0002 + 0.0001 © 250 +0.85 P
(34.91/23.91 °C)

Amaranthus dubius seedlings that were exposed to 41.11 °C/30.11 °C exhibited sig-
nificantly the longest mean root length (RL) (6.14 = 1.59 cm) than those grown under
the control (3.67 &+ 0.84 cm) conditions and other stressors (the mean RLs under drought
and salinity were significantly smaller than those grown under the control conditions and
heat stress) (Table 1). There were no significant differences recorded between A. dubius
seedlings” mean RLs exposed to 148.65 mM salinity (0.79 £ 0.26 cm) and 255.43 mM man-
nitol (0.47 £ 0.27 cm). Galinsoga parviflora control seedlings (3.23 £ 1.47 cm) exhibited
significantly longer mean RL, which was followed by the mean RL of those exposed to
34.91 °C/23.91 °C (1.64 £ 0.62 cm) (Table 2), while G. parviflora seedlings exposed to heat
stress (34.91 °C/23.91 °C) recorded significantly longer mean RLs than those exposed to
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salinity stress (102.40 mM). There was no significant difference between the mean RLs of
G. parviflora seedlings exposed to drought and salinity stress.

The significantly longest mean shoot length (SL) of A. dubius seedlings was recorded in
those that were exposed to 41.11 °C/30.11 °C (4.17 £ 0.30 cm), which was followed by those
grown under the control (1.65 & 0.51 cm) conditions (Table 1). The significantly shortest
mean SLs were recorded in the A. dubius seedlings that were exposed to 148.65 mM salinity
(0.59 £ 0.25 cm) and 255.43 mM mannitol (0.40 & 0.08 cm) (which were not significantly
different from each other). For G. parviflora seedlings, significantly longer mean SL was
recorded in those exposed to 34.91 °C/23.91 °C (0.91 & 0.17 cm). This was followed by
those exposed to 239.91 mM mannitol (0.43 £ 0.08 cm), which was significantly higher
than those grown under the control conditions and salinity stress (Table 2). There was no
significant difference between the mean SLs of those G. parviflora seedlings exposed to the
control conditions and salinity stress.

In the seedlings of A. dubius, similar results were displayed in RL, SL, and chlorophyll
content (Chl), where those exposed to 41.11 °C/30.11 °C showed significantly higher mean
Chl than the control and other stressors (Table 1). The mean Chl of A. dubius seedlings
grown under the control (12.28 £ 2.98 SPAD units) conditions were significantly higher
than those exposed to drought (2.31 &+ 0.67 SPAD units) and salinity (2.26 &= 1.53 SPAD
units) stress (which were not significantly different for each other). The mean Chl of
G. parviflora control seedlings were significantly higher than the mean Chl of those exposed
to the stressors (Table 2). The mean Chl of G. parviflora seedlings showed no significant
differences amongst drought, salinity, and heat stress.

The significantly highest mean fresh masses (FM) of A. dubius were recorded in
seedlings exposed to 41.11 °C/30.11 °C (0.0797 £ 0.0274 g) and the control seedlings
(0.0619 £ 0.0371 g) (which were not significantly different from each other) (Table 1).
Followed by the mean FM of A. dubius seedlings under salinity (0.0067 & 0.0030 g) stress
which was significantly higher than those under drought (0.0051 £ 0.0013 g) stress. Similar
to mean Chl in G. parviflora seedlings, the highest mean FM was recorded in seedlings
under control conditions, which were significantly higher than the mean FMs of those
exposed to the stressors (Table 2). The mean FMs of G. parviflora seedlings showed no
significant differences amongst drought, salinity, and heat stress.

The mean dry masses (DM) of A. dubius seedlings exposed to 41.11 °C/30.11 °C and the
control conditions (which were not significantly different from each other) were significantly
higher than the mean DMs of those under the other stressors (Table 1). In A. dubius seedlings,
the significantly lowest mean DMs were recorded in those exposed to drought and salinity.
However, the mean DMs were not significantly different between drought and salinity
stress. Galinsoga parviflora seedlings under control conditions exhibited significantly the
highest mean DM compared to those exposed to the stressors (Table 2). These were followed
by those G. parviflora seedlings exposed to 239.91 mM mannitol (0.0006 £ 0.0006 g) and
102.40 mM NacCl (0.0006 % 0.0006 g), which were not significantly different from each other
but were significantly higher than those exposed to 34.91 °C/23.91 °C (0.0002 +£ 0.0001 g).

Similar trends were observed in RL, SL, and Chl of A. dubius seedlings, where the
significantly highest mean number of leaves were in seedlings under control conditions
(Table 1). In A. dubius seedlings exposed to 41.11 °C/30.11 °C (4.63 +£ 0.49 number of
leaves), the mean number of leaves was significantly higher than those exposed to drought
(2.00 £ 0.00 number of leaves) and salinity stress (2.00 &= 0.00 number of leaves), although
there were no significant differences between the mean number of leaves in seedlings
under drought and salinity stress. In G. parviflora seedlings, the significantly highest mean
number of leaves was recorded in those under control conditions (Table 2). The mean
numbers of leaves of G. parviflora seedlings under drought, salinity, and heat stress were
not significantly different from one another; similar trends were observed in Chl and FM.

Very interestingly, the measured traits that could be used as tolerance-indicating traits
in the proposed screening protocols for drought, salinity, and heat tolerance for A. dubius
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were RL, SL, Chl, and number of leaves, while for G. parviflora, these were: RL, SL, Chl, and
number of leaves.

It appears that for both A. dubius and G. parviflora populations, measured salinity had a pos-
itive effect on the phenotypic plasticity of all the measured traits, while drought and heat stress
negatively affected the phenotypic plasticity of all the measured traits (Tables 3 and 4). Amaran-
thus dubius control seedlings exhibited a mean phenotypic plasticity index of 0.70 & 0.24.
Under drought and heat stress, the indices were lower, at 0.56 & 0.28 and 0.54 £ 0.28
(Table 3). The A. dubius population exposed to salinity stress recorded a mean phenotypic
plasticity of 0.76 4 0.34, which was higher than the indices calculated for those seedlings
grown under the control conditions and other stressors. The control population of A. dubius
showed 86% of the measured traits with phenotypic plasticity indices between 0.58 and
0.94 (these were: LA, RL, SL, Chl, FM, and DM), with the highest index being recorded for
FM. Under drought stress, the measured A. dubius population exhibited 71% of measured
traits, which had phenotypic plasticity indices of >0.55 (viz. LA, RL, Chl, FM, and DM),
with DM having the highest index (0.86). Under salinity stress, 86% of the measured traits
in the population of A. dubius seedlings had phenotypic plasticity indices > 0.83 (viz. LA,
RL, SL, Chl, FM, and DM) and the highest index was Chl (0.95). The measured population
of A. dubius under heat stress showed 57% of measured traits being >0.55 (viz. LA, RL,
FM, and DM) with DM calculated to be the most plastic trait (0.98). The lowest mean
phenotypic plasticity indices across the control and stressors for the measured populations
of A. dubius seedlings was number of leaves which was <0.29. Across all the stressors, five
of the measured traits in the measured A. dubius populations showed high mean pheno-
typic plasticity indices (0.69 £ 0.21 to 0.91 +£ 0.05), these were LA, RL, Chl, FM, and DM
(although, SL was plastic it possessed low phenotypic plasticity (0.53 & 0.26)). The control
population of G. parviflora seedlings showed that the mean phenotypic plasticity index
was 0.86 £ 0.17, and the indices were lower in those populations grown under drought
(0.79 £ 0.21) and heat (0.71 £ 0.17) stress (Table 4). Only the G. parviflora population under
salinity stress recorded a higher mean phenotypic plasticity (0.89 & 0.10). It is important to
mention that all measured traits in the populations of G. parviflora seedlings grown under
control conditions and all three of the stresses recorded phenotypic plasticity indices >0.50
(Table 4). The highest phenotypic plasticity indices were DM (0.98), measured in control
seedlings; Chl (0.97) under drought; LA, RL, and Chl (0.97) under salinity; and FM (0.90)
under heat stress. Across all the stressors, all the measured traits in G. parviflora seedlings
showed high mean phenotypic plasticity indices >0.68, except for number of leaves, which
showed low plasticity (0.58 £ 0.17). Of the two species, G. parviflora had higher phenotypic
plasticity indices and therefore capabilities.

Table 3. Phenotypic plasticity indices of each of the seven traits measured in A. dubius seedlings that
showed tolerance to the LD /Tsp concentrations/temperatures of drought, salinity, and heat stress
after 14 days. Mean phenotypic plasticity (MPI) was calculated by averaging the indices within each
stress and by averaging each trait indices across each stress (n = 40).

Leaf Shoot Chlorophyll Fresh Dry Number of
Stressor Area Root Length Length Content Mass Mass Leaves MPI
Control 0.91 0.58 0.60 0.63 0.94 0.92 0.29 0.70 £ 0.24
(21535%1%/[) 0.55 0.71 0.46 0.71 0.62 0.86 0.00 0.56 = 0.28
(14%%];12]1\4) 0.90 0.92 0.84 0.95 0.83 0.88 0.00 0.76 + 0.34
@1 111/_1;8’[11 °C) 0.55 0.66 0.22 0.45 0.69 0.98 0.20 0.54 £0.28
MPI 0.73 +£0.21 0.724+0.15 0.53 +0.26 0.69 & 0.21 0774+014 091 £0.05 0.124+0.15
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Table 4. Phenotypic plasticity indices of each of the seven traits measured in G. parviflora seedlings
that showed tolerance to the LD/T5j concentrations/temperatures of drought, salinity, and heat
stress after 14 days. Mean phenotypic plasticity (MPI) was calculated by averaging the indices within
each stress and by averaging each trait indices across each stress (n = 40).

Leaf Shoot Chlorophyll Fresh Dry Number of
Stressor Area Root Length Length Content Mass Mass Leaves MPI
Control 0.94 0.81 0.90 0.93 0.97 0.98 0.50 0.86 £0.17
Drought
(239.41 mM) 0.83 0.81 0.50 0.97 0.95 0.95 0.50 0.79 £0.21
(1082a}fglgM) 0.97 0.97 0.83 0.97 0.72 0.96 0.83 0.89 +£0.10
(34 911/{2‘?91 °0) 091 0.76 0.50 0.67 0.90 0.75 0.50 0.71 +0.17
MPI 0.91 £ 0.06 0.84 = 0.09 0.68 £0.21 0.89 £0.14 0.89 £0.11 091 +0.11 0.58 £ 0.17

4. Discussion

The identification of traits that are plastic and show tolerance to climate change-
induced abiotic stressors is essential in the development of screening strategies for edible
plant species, and this study could lead to more efficient breeding protocols for alternative
food sources, such as A. dubius and G. parviflora [2,5,14,19,24]. At the time of this study,
there were no published abiotic stress screening protocols for A. dubius specifically, but
in vitro [32,47] and pot [37] protocols have been published for other members of the genus.
At the time of this submission, apart from the authors’ own study [48], there are only
two peer-reviewed studies on pot and field screening of G. parviflora (both for cadmium
stress [35,40]). To the best of the author’s knowledge, this study is, therefore, the first
to screen seeds for both A. dubius and G. parviflora for tolerance to drought, salinity, and
heat stress.

This study screened seeds based on similar studies that have successfully used seeds to
screen for abiotic tolerance [49-54]. The use of seeds as plant material in screening studies
has been widely reported for commercial crops [49,50,52] and wild crop species [51,54]. At
the time of this study, there were, however, no published articles on the use of seeds as
the plant material for screening A. dubius and G. parviflora for tolerance to abiotic/biotic
stressors. It was chosen to use in vitro techniques for this study; of the above-mentioned
studies only Carvalho et al. [50] made use of in vitro screening techniques to screen Vigna
unguiculata (L.) Walp seeds for drought tolerance. The in vitro screening protocol for
A. dubius involved seeds being placed on standard media supplemented with the calculated
LD/ Tsy concentration of mannitol (255.43 mM) or NaCl (148.65 mM), while for heat stress
the Petri dishes were placed in a growth chamber set at the temperature (41.11 °C/30.11 °C)
that caused 50% inhibition of seedlings to emerge. The physiological and morphological
traits measured in the A. dubius seedlings that emerged under drought and salinity stress
showed that all traits were significantly lower than those traits measured in seedlings that
emerged under the control conditions. This indicates that A. dubius was sensitive to and
negatively affected by drought and salinity stress. Of the A. dubius seedlings that emerged
under heat stress, 71% of the measured traits were affected. Among these, 57% of the
measured traits were positively affected. In fact, only the number of leaves was negatively
affected; all of this is indicative of A. dubius showing some level of tolerance to heat stress.
The in vitro screening protocol of G. parviflora involved seeds being placed on standard
media supplemented with the calculated LD/Tsy concentration of mannitol (239.91 mM) or
NaCl (102.40 mM), while for heat stress the Petri dishes were placed in a growth chamber set
at the temperature (34.91 °C/23.91 °C), which caused 50% inhibition of seed germination.
All of the measured physiological and morphological traits in G. parviflora seedlings that
grew under drought stress were negatively affected, suggesting that this species shows
a level of sensitivity to drought stress. In the G. parviflora seedlings that emerged under
salinity and heat stress, 86% of the measured physiological and morphological traits were
negatively affected by the stressors, and values for these traits were significantly lower
than those measured in control seedlings. Only under heat stress did G. parviflora seedlings
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experience a significant increase in SL relative to control seedlings. This indicates that
G. parviflora seedlings were negatively affected by all three stressors but with greater
sensitivity to drought and heat stress.

In order for a screening protocol to be established for both species, an initial trait that
can be used to select for tolerance needs to be identified [24,25,29,30,32]. Percentage (%)
germination (emergence of radical) as a tolerance-indicating trait has been reported in
screening studies [50,51,53,55,56], however, this study opted to use the percentage emer-
gence of the seedlings (seedlings with two unfurled leaves) as the tolerance-indicating trait.
This was due to the fact that percentage seedlings emergence was more sensitive under
drought stress for G. parviflora than percentage germination, particularly at mannitol of
200, 300, and 400 mM (Figure 2A). Under heat stress, both species also showed percentage
seedling emergence to be more sensitive than percentage germination at 20 °C/19 °C
(A. dubius) and 35 °C/24 °C (G. parviflora), only. Additionally, the emergence of a rad-
ical is not confirmation of the plant’s ability to grow and reach maturity under stress
conditions [57].

The use of an inhibiting dose of a selecting agent for screening plants can be calculated
using linear regression [58-60], nonlinear regression [61], or probit regression [62]; all of
these have been previously reported in the literature. This study, however, used linear
regression for both species. For A. dubius and G. parviflora, the comparison of regressions
showed that seedlings under each stress were significantly different from one another,
although they responded similarly (in terms of trends) at varying degrees of intensity.
However, G. parviflora seedlings showed a strong relationship between the regressions of
each of the stresses (viz. drought—salinity, drought-heat, and salinity-heat; r2 > 0.83); this
indicates that both stresses could have similar negative effects on the species and also that
the responses of seedling emergence would be similar under both stressors.

Typical responses of plants exposed to drought stress is to prevent excess transpiration
to conserve water, this is generally achieved with a decrease in leaf area (LA), shoot length
(SL), fresh mass (FM), dry mass (DM), and number of leaves [4,32,36,55,63]. The results
obtained in this study for both species showed decreases in leaf area (LA), chlorophyll
content (Chl), fresh mass (FM), and number of leaves (Tables 1 and 2). The decrease in
these morphological parameters is the plant’s attempt to decrease surface area [4,32,36,38].
For example, in a study by Liu and Sttitzel [63], A. tricolor L., A. blitum L., and A. cruentus
L. experienced a decrease in LA and DM when exposed to drought stress. In another
study on WLVs, A. cruentus, Corchorus olitorius L., Beta vulgaris L., and Vigna unguiculata (L.)
Walp. were exposed to drought stress. Plants of all four species decreased in height, FM,
and number of leaves [38]. Amaranthus hypochondriacus L., A. tricolor L., and A. hybridus
L. experienced a decrease in LA and Chl [32]. A similar study on A. tricolor showed two
varieties (VA15 and VA13) demonstrated decreased LA, Chl, and DM when exposed to
drought [36]. Two studies on Arabidopsis thaliana L. Heynh. 1842, wild types Columbia CS
907 [64] and Col-0 [56], showed that when exposed to drought, CS 907 plants decreased in
RL, while Col-0 showed both decreased RL and SL. Another study on a wild type (Vp16)
of Zea mays L. showed a decrease in SL when exposed to drought stress. At the time of
this study, there were no peer-reviewed studies on the effects of drought on the RL and SL
of any Amaranthus species, while there were no studies for G. parviflora or other members
of the genus being exposed to drought stress. In fact, the only two studies that could be
found for G. parviflora were those by Lin et al. [35,40], where the species was screened for
cadmium (Cd) for its possible hyperaccumulator potential. Although G. parviflora showed
high tolerance to Cd it was still negatively affected by the stress (e.g., the authors measured
various biochemical and morphological parameters), of significance to our study was that
the plant height, RL, and FM all significantly decreased as the [Cd] increased [35,40].

Amaranthus dubius was also shown to be negatively affected by salinity stress, where
all the measured morphological and physiological traits were lower than those seedlings
grown under the control conditions (Table 1). Galinsoga parviflora showed a level of sen-
sitivity to salinity stress, all measured physiological and morphological traits (except SL)
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were significantly lower than the control (Table 2). The Na* and C1~ ions produced under
saline conditions could cause ion accumulation in the plant tissue, leading to possible
ion imbalances and even toxicity [34,65]. In response to these imbalances of ions in the
plant tissue, plants tend to decrease morphological parameters and attempt to slow down
metabolic processes [34,65]. This explains why the results observed in this study were
similar to those observed by Hoang et al. [66], where the authors subjected A. tricolor and
A. dubius to different levels of salinity, and at the higher concentrations of NaCl, both species
experienced decreases in plant height, RL, LA, DM, and number of leaves. In another
study on a WLV, Ceratotheca triloba (Bernh.) Hook. f., when exposed to increasing salinity,
showed a decrease in SL and RL in the seedlings, which is similar to what was found in
this study [55]. Similar to this study, where Chl and FM decreased in selected species under
salinity stress, studies on A. lividus L. [67] and A. tricolor [36] also showed decreases in Chl
and FM under salinity stress. It is important to note that under salinity stress, G. parviflora
seedlings showed no significant difference in SL between salinity and control seedlings
(Table 2).

The results of the present study suggest that although A. dubius was sensitive to
heat stress, the seedlings were not negatively affected (Table 1). Three traits (viz. RL, SL,
and Chl) were significantly higher in seedlings under heat stress than the control, while
FM and DM showed no significant difference. A study by Hwang et al. [68], showed
that under heat stress, A. tricolor (C4) increased its plant height, RL, LA, FM, DM, and
number of leaves, which is similar to what was found in this study for A. dubius. This
indicated that both these species (A. tricolor and A. dubius) were positively affected by heat
stress. Interestingly, those authors examined a C4 (being A. tricolor) and a Cs (Brassica
chinensis L. cv. Quanzhou), as in this study (C4 A. dubius and the C3 G. parviflora), and
the results were similar because in this study and theirs, it was evident that both C3 (viz.
G. parviflora and B. chinensis) plants were negatively affected by the heat stress [68]. Galinsoga
parviflora experienced a decrease in all traits, except SL (which increased significantly) when
exposed to heat stress (Table 2). The same results were found in B. chinensis, in which
LA, FM, and DM decreased when exposed to heat stress [68]. It is important to note that
a decrease in Chl is often associated with sensitivity to stress while an increase in Chl is
normally associated with plants showing some sort of tolerance to the stress, which was
the case in this study, with A. dubius increasing its Chl under heat stress [69-72]. In a
previous study by authors Areington et al. [48], heat stress appears to benefit plants with Cy4
photosynthetic pathways while negatively impacting Cs3 species. This is due to Cy4 plants
generally operating at higher optimum temperatures and having the ability to maintain
photosynthesis under elevated temperatures due to the CO, concentration mechanism’s C4
photosynthetic pathway [68,73].

It must be mentioned that G. parviflora was sensitive to all stressors, but interestingly SL
was the only trait that did not change under salinity stress and increased under heat stress
while all other measured traits were lower than those seedlings in the control. The author
attributes this to the fact that under in vitro conditions, there are no limiting resources (viz.
sucrose, water, and nutrients are within the growth medium). Additionally, there is no
gaseous exchange. Therefore, the plant can invest the carbon into the growth of SL rather
than the other organs [74,75]. This is not in agreement with many other studies, where
morphological traits generally decrease under stress conditions; particularly when exposed
to salinity stress plants are known to decrease their SL [41,42,65,76,77].

Identifying species/populations with high phenotypic plasticity based on plastic
and tolerance-indicating traits would expedite breeding progress, especially in underuti-
lized WLVs [5,17,19,20,39]. This study used phenotypic plasticity index to identify plastic
traits, although these indices are generally used to rank species/cultivars based on their
phenotypic plasticity [19,20,78]. This is generally done by establishing the plasticity of
individual traits and collating them to rank the species/cultivars, this would identify those
that have higher phenotypic plasticity capabilities compared to the others [19,20,78]. For
example, Khanam and Oba [20] ranked 15 A. tricolor L. cultivars using Valladares et al. [19]
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phenotypic plasticity index to establish which of the cultivars had higher phenotypic plas-
ticities. Those authors used various physiological and morphological traits to calculate
phenotypic plasticity in all 15 A. tricolor cultivars. These traits were Chl a, Chl b, total Chl,
plant height, FM, and DM, to name a few [20]. This study showed that both species pos-
sessed high mean levels of phenotypic plasticity under control conditions (0.70 £ 0.24 and
0.86 + 0.17, A. dubius and G. parviflora, respectively) (anything above >0.50 indicates plas-
ticity; while anything >0.60 indicates high plasticity which increases as values approach
1) [20] (Tables 3 and 4). When populations of both species were exposed to drought and
heat stress, they experienced a decrease in the mean phenotypic plasticity. The populations
of both species experienced an increase in mean phenotypic plasticity when seedlings
were exposed to salinity stress (0.76 = 034 and 0.89 £ 0.10, A. dubius and G. parviflora,
respectively). For A. dubius, three traits were identified as showing tolerance and plasticity
across all three selected stressors: RL (0.72 £ 0.15), SL (0.53 £ 0.26), and Chl (0.69 £ 0.21).
For G. parviflora, six traits were identified as plastic- and tolerance-indicating traits: LA
(0.91 £ 0.06), RL (0.84 + 0.09), Chl (0.89 + 0.14), FM (0.89 £ 0.11), DM (0.91 £ 0.11), and
number of leaves (0.58 £ 0.17). It is important to mention that for G. parviflora, all measured
traits were plastic, and for A. dubius, only number of leaves was not identified as plastic.
All this suggests that both species naturally possess high phenotypic plasticity and would
therefore be able to adapt to various climate change associate abiotic stressors [2,5,8,20,28].
In a study by Zhang et al. [39], an A. palmeri (S. Wats) population possessed high phenotypic
plasticity, specifically shoot DM (0.65), leaf DM (0.87), and LA (0.71), which were similar
to what was obtained in this study for A. dubius. In a study by Khanam and Oba [20], a
population of A. tricolor had a high Chl (0.73) phenotypic plasticity index, which was similar
to what was seen in this study, where the measured A. dubius population’s Chl exhibited
an index of 0.69. The high phenotypic plasticity capabilities of both species suggest that
there is potential to identify tolerant phenotypes/genotypes for climate-change-induced
stressors (based on reasoning offered in other studies, e.g., [12,14,17,18,21]).

5. Concluding Remarks and Recommendations

In conclusion, Amaranthus dubius and Galinsoga parviflora are neglected and under-
utilized wild leafy vegetables that possess high plasticity and the potential to tolerate
various climate-change-induced stressors. The traits that were most plastic and hence
recommended for the in vitro rapid screening of drought, sanity, and heat stress tolerance
for A. dubius are root length, shoot length, and chlorophyll content, while for G. parviflora,
these are: leaf area, root length, chlorophyll content, fresh mass, dry mass, and number of
leaves. Since in vitro screening techniques are conducted under controlled conditions, with
limited environmental exposure specifically gaseous exchange, there is a need to validate
their plasticity under field conditions in future. Nevertheless, this study represents the
groundwork for the adoption of these species into breeding programs aimed at developing
novel climate-tolerant crop species. It also expands our knowledge on how to exploit
phenotypic plasticity for the purposes of screening species for stress tolerance.
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Appendix A

Seed surface sterilization optimization for both
species

A. dubius/\ G. parviflora
0.5% (v/v) sodium hypochlorite for 10 min 1% (v/v) sodium hypochlorite for 10 min

Establishment of LDy, for
drought, salinity, and heat

stress.

Drought:  Salinity: Temperature: Drought:  Salinity: Temperature:
0, 100, 0, 80, 20°C/9 °C, 25 0,100, 0,40, 60, 20°C/9 °C, 25
200,300, 120, 160, °C/14 °C, 30 °C/19 200,300, 80,100, °C/14°C,30°C/19
350, and 200 and °C, 35 °C/24 °C, 400 and 140, 160 °C, 35 °C/24 °C,
400mM  240mM 40 °C/29°C and 500mM  mM 40 °C/29 °C and

45°C/34°C. 45 °C/34 °C.
Percentage seedling emergence
was selected as initial tolerance
indicator.

Drought: Salinity: Temperature: Drought:  Salinity: Temperature:
LD, = LDso = LD, = LDs, = LDs, = LDso =
255.43 25543 41.11/30.11°C 239.91 102.40 34.91/23.91°C

mM mM mM mM

Measuring and Screening of LA, RL, SL, Chl, FM, DM, and number of leaves.
Calculation of phenotypic plasticity.

Figure A1. Visual representation of methodology for this study.
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