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Abstract: Asteraceae is one of the families with a large number of ornamental plants. Climate change
imposes the need to select species that are more tolerant to changing environmental conditions,
especially drought. In this study, we compared the performance under water stress of six species
belonging to different tribes of Asteraceae with different geographical origins. Young plants obtained
after seed germination were subjected to intermediate water stress (irrigation with half the water
amount used in control treatments) and severe water stress (no irrigation at all) for one month. Growth
variables and biochemical stress markers were determined to assess the effects on the plants of the
stress treatments. Multivariate analysis tools were used to rank species according to their tolerance.
Three species were relatively more susceptible to water stress, Callistephus chinensis, Xerochrysum
bracteatum, and Calendula officinalis, whereas Leucanthemum vulgare, Glebionis carinata, and Ageratum
houstonianum were more tolerant. Our study indicated that the last two species, which are registered
as invasive in some geographic areas, possess a larger phenotypic plasticity. Principal component
analysis (PCA) combined with canonical variation analysis (CVA) proved optimal statistical methods
for analysing species of diverse origins and belonging to different genera of a large family, such as
the Asteraceae.

Keywords: biochemical analysis; canonical variation analysis; invasive species; ornamental plants;
principal component analysis

1. Introduction

Asteraceae (formerly Compositae) represent one the most diverse families of flowering
plants, including an estimated number of 25,000-35,000 species, which represents ~10% of
the angiosperms. The family has a cosmopolitan distribution, with species on all continents,
including Antarctica [1], adapted to nearly all types of habitats. The highest richness in
species is found in prairies, steppes, montane regions, Mediterranean climate areas, and
even deserts, but they are rare in tropical wet forests. The family is characterised by a vast
diversity of habits, from annual to perennial herbs, shrubs, vines, trees, and epiphytes.
The evolutionary success of composites is related to their unique floral and fruit traits,
i.e., the capitulum or floral head formed by the compound receptacle, to which numerous
florets are tightly attached, and the fruits, which generally present a pappus favouring their
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dispersal and defence against herbivory [2]. The family has a monophyletic origin, with all
species sharing the same basic floral structure, but it is hugely diverse, including species
with many differences in the size of their floral structures, degree of petal fusion, symmetry,
and colour [2,3]. This enormous diversity, along with its habits and ecological adaptability,
makes this family one of the most popular in ornamental horticulture and landscaping [4],
besides their economic and medicinal value.

The ornamental plants sector is confronted nowadays with two major issues: first,
global warming, which will affect horticultural production worldwide [5], and second,
the increased risk of invasion enhanced by climate change [6]. Floriculture was already a
source of introduction of alien species [7]. More than half of the alien naturalised floras
were introduced as ornamentals [8], and in all areas of the world, most invasive species
derived from ornamental horticulture [9]. The success of the naturalisation of exotic plants,
a preliminary step to invasion risk, depends largely on the species’ climatic niche. Although
the climatic requirements of plants do not generally differ from the native to the introduced
range, the climate is currently changing due to global warming. This may favour future
invaders that are not yet problematic but could thrive in the new climatic conditions [10].

On the other hand, global warming represents a challenge for adapting ornamental
horticulture to the new climatic conditions [11,12], and screening for cultivars that are
more drought-tolerant, i.e., demanding a lower water input or being better adapted to
extreme weather conditions, is receiving increased interest [13,14]. An essential source for
xero-gardening and xero-landscaping is also represented by naturally drought-tolerant
native species [15,16].

The present study aimed to compare the responses to two levels of water stress
in six ornamental species of Asteraceae with different geographic origins and risks of
invasiveness. All species belong to the subfamily Asteroideae Lindley. Two are closely
related taxonomically, as they belong to the same tribe, Anthemideae, and were formerly
included in the same genus: (i) Glebionis carinata (Schousb.) Tzvelev, also known by its
synonyms Ismelia carinata (Schousb.) Sch. Bip and Chrysanthemum carinata (Schousb.), and
(ii) Leucanthemum vulgare Lam. (syn. Chrysanthemum leucanthemum L.). G. carinata is an
annual species with origin in northern Africa [17], reported only as naturalised but not
invasive [18]. It has fast growth and showy capitula, making it very popular for mass
planting. L. vulgare is a perennial native to Europe and Central Asia. It is popular as an
ornamental and medicinal plant, introduced outside its native range in temperate regions
of eastern Asia and North America, but also in warmer climates at higher altitudes. It is
catalogued as invasive in the USA, Canada, India, New Zealand, and Australia [18].

Ageratum houstonianum Mill. (syn. A. mexicanum Sweet) belongs to the tribe Eupa-
torieae and is native to Mexico and Central America [19]. The species became a popular
ornamental soon after its discovery, and by the end of the 18th century, it was already
reported as a weed in hotbeds in England [18]. It easily spreads by escaping from gardens
and is naturalised in North and South America, the Caribbean, Africa, Asia, Europe, and
Oceania [18]. Ageratum houstonianum has been included in the list of alien weeds in South
Africa [20], is a common weed of sugar cane crops in Queensland, and is also registered as
invasive in Hawaii, Cuba, New Zealand, China, and Taiwan [18].

Calendula officinalis L. belongs to the tribe Calenduleae Cass. Although its origin is
uncertain, it is considered native to southern Europe, from Spain to France and Italy. It is
naturalised on several continents [18] but was only reported as a species with a low risk of
invasion from China [21].

Callistephus chinensis Nees belongs to the Astereae tribe and is native to China, Japan,
and Korea. The species had been subjected to intensive breeding and selection with the
principal objective of producing “double-flowered” plants [22]. Although naturalised on
different continents, it is not reported as invasive [23].

Finally, Xerochrysum bracteatum (Vent.) Tzvelev (syn. Helichrysum bracteatum (Vent.)
Andrews) belongs to the Gnaphalieae tribe and is native to Australia and Tasmania [24,25],
is naturalised outside its native range, but is only rarely reported as invasive [26].
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The study of the responses of these species to water stress can provide important
information regarding their suitability to different regions by considering the possible
alteration of environmental conditions due to climate change, as well as by taking into
account the risk of increasing their invasive potential as a result.

Firstly, we propose to classify the species from the most resistant to the least tolerant
to drought based on morphological growth parameters and to relate the results to their
invasiveness. Secondly, based on biochemical analyses, we intend to understand the
fundamental mechanism that confers tolerance and, if possible, to identify an optimal
biochemical marker to assess the level of stress suffered by the plants.

2. Materials and Methods
2.1. Plant Material

This study used six ornamental Asteraceae species, some with a high invasive poten-
tial [18]. Ageratum houstonianum Mill. (Figure 1a), commonly known as floss flower, blue
mink, or blueweed, is an annual or short-lived perennial herb, erect or decumbent, 0.3-1 m
high, with ovate to triangular leaves, and blue flowerheads (sometimes white, pinkish, or
purple) in dense corymbs [27]. Shorter varieties are excellent as bedding plants, edgers,
rock gardens, and container plants. Taller varieties are also used as cut flowers [28].

Figure 1. The six ornamental Asteraceae species studied: Ageratum houstonianum (a), Calendula
officinalis (b), Callistephus chinensis (c), Glebionis carinata (d), Leucanthemum vulgare (e), Xerochrysum
bracteatum (f).

Calendula officinalis L. (Figure 1b), the pot marigold, is an annual or short-lived peren-
nial species growing up to 80 cm tall, with stems procumbent to erect, occasionally woody
at the base. The leaves are simple and oblong-lanceolate, and the inflorescences are yel-
low [27]. It is grown in bedding displays, borders, or pots, but it is also used as a medicinal
and culinary plant for flavouring food.

Callistephus chinensis Nees (Figure 1c), the China aster, is a semi-hard annual reaching
20-80 cm in height, with strongly dentate leaves with capitula in shades of white to pink,
red, blue, violet, purple, and yellow. It is used in floral beds, borders, and cottage gardens,
or in pots and containers [28].

Glebionis carinata (Schousb.) Tzvelev (Figure 1d), known as painted daisy, is a 10-30 cm
high annual plant, with yellowish or reddish ligulate flowers, dark-colored or whitish at
the base. It is used for borders, flower beds, containers, and also in fresh-cut arrangements
due to its long-lasting flowers [28].

Leucanthemum vulgare Lam. (Figure le), commonly known as oxeye daisy or mar-
guerite, is an erect, somewhat weedy, rhizomatous perennial that grows up to 1 m. Its
leaves are undivided or have a few lobes, and capitula are formed by white ray floret ligules
and numerous yellow disc florets [27]. Due to its long-lasting bloom, it is used in borders,
cottage gardens, and wild gardens, or as cut flowers [28].
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Xerochrysum bracteatum (Vent.) Tzvelev (Figure 1f), is a short-lived tender perennial
or annual, 20-80 cm high, commonly called strawflower or paper daisy. Capitula have a
central yellow disk surrounded by glossy, papery, rigid, straw-like bracts in yellow, orange,
red, pink, or white. It is popular for rock gardens, for edging or containers, and taller
varieties for borders. It is excellent for fresh-cut and dried flowers [28].

The seeds utilised as starting material were provided by a commercial supplier (Vil-
morin Seed Generation, Paris, France). The seeds were germinated for ten days in standard
Petri dishes (o = 85 mm) in a growth chamber under controlled conditions of 12 h light/12 h
dark at 25 °C. Seedlings were individually placed in 12 cm diameter pots filled with a
mixture of commercial peat and perlite (3:1), watered regularly with tap water, and trans-
ferred to a greenhouse with natural light, 63% relative humidity, and a temperature range
of 19-25 °C.

2.2. Drought Treatments and Growth Parameters

Five weeks after transplanting, when the plantlets were fully developed and the
soil moisture was ca. 60%, five pots per species and treatment (five biological replicas)
were placed into plastic trays (10 pots per tray) and randomly selected for the following
treatments: control (CON—plants watered twice a week with 1.5 L tap water/tray), in-
termediate water stress (IWS—plants watered twice a week with 0.75 L/tray), and severe
water stress (SWS—mno irrigation at all).

After four weeks, when the soil moisture of the water-stressed plants had decreased
to 5-8%, plants were harvested and processed for further biochemical analysis. The aerial
shoot was separated from the underground root, the latter was thoroughly cleaned with a
brush, and both roots and shoots were weighed and measured separately.

Morphological parameters such as the number of leaves, root length, shoot length,
fresh and dry weight of roots and shoots, and root and shoot water content were determined
for all individual plants (n = 5 per species and treatment).

For each plant, part of the aerial material and the entire root were separately weighed
(fresh weight, FW), dried for 72 h at 65 °C, and weighed again (DW). The water content
was determined as

WC% = [(FW — DW)/FW] x 100 1)

Samples of fresh plant material (0.05-0.1 g) were frozen in liquid Ny, stored at —75 °C
in properly labelled 2 mL Eppendorf tubes, and used for the biochemical analyses. Samples
of dry material were kept in paper bags at room temperature.

2.3. Photosynthetic Pigments

Photosynthetic pigments were extracted from samples of ground fresh shoot material
(ca. 0.05 g) with 1 mL of ice-cold 80% acetone (v/v) by mixing in a rocker shaker for
24 h in darkness. The samples were centrifuged at 13,300x g for 10 min at 4 °C. The
supernatant was diluted 10-fold with 80% acetone, and the absorbance was measured at
470 nm, 646 nm, and 663 nm. The concentrations of chlorophyll a (Chl a), chlorophyll b (Chl
b), and carotenoids (Caro) were calculated according to Lichtenthaler and Wellburn [29]
and expressed in mg g~! DW.

2.4. Quantification of Proline

The quantification of proline (PRO) was carried out according to Bates et al. [30].
Samples of ground fresh shoot material (ca. 0.5 g) were extracted in 0.5 mL of a 3% (w/v)
aqueous sulphosalicylic acid solution and mixed with 0.5 mL of acid ninhydrin. The
samples were incubated in a water bath for 1 h at 95 °C, cooled on ice for 10 min, and then
extracted with 3 mL of toluene. The absorbance of the organic phase was measured at
520 nm, using toluene as the blank. Samples with known PRO concentrations were assayed
in parallel to obtain a standard curve. PRO contents were expressed as pmol g~! DW.
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2.5. Determination of MDA and Antioxidant Compounds

For the determination of malondialdehyde (MDA), total flavonoids (TF), and total
phenolic compounds (TPC), 0.05-0.10 g of ground fresh shoot material were extracted with
2 mL of 80% methanol, and the samples were centrifuged at 13,300 x g at 4 °C for 15 min.
The supernatants were transferred to fresh Eppendorf tubes and stored at —20 °C. MDA
quantification followed a published procedure [31]; the methanol extracts were mixed
with 0.5% thiobarbituric acid (TBA) in 20% trichloroacetic acid (TCA)—or with 20% TCA
without TBA for the controls—and then incubated for 15 min at 95 °C in a water bath. The
reactions were stopped on ice, and the samples were centrifuged at 13,300 g for 10 min at
4 °C. Finally, the absorbance of the supernatants was measured at 532 nm. After subtracting
the non-specific absorbance at 600 and 440 nm, MDA concentrations were calculated by
applying the equations described by Hodges et al. [31], based on the molar extinction
coefficient of the MDA-TBA adduct at 532 nm (es3; = 155 mM~! cm™1).

TF determination was done according to the method published by Zhishen et al. [32],
based on the nitration with NaNO; of aromatic compounds containing a catechol group,
followed by reaction with AICl; at basic pH. After the reaction, the absorbance of the
sample was measured at 510 nm, and TF concentrations were expressed as equivalents of
catechin (mg eq. C g~ ! DW), used as the standard to obtain a calibration curve.

TPC quantification was performed by reacting the methanolic extracts with the Folin-
Ciocalteu reagent in the presence of NayCOj3 [33]. The reaction mixtures were incubated
for 90 min at room temperature in the dark, and the absorbance was measured at 765 nm.
Gallic acid (GA) was used as the standard, and TPC concentrations were expressed as GA
equivalents (mg eq. GA g~! DW).

2.6. Statistical Analyses

A one-way analysis of variance (ANOVA) was performed to estimate the effects of the
stress treatments on the analysed traits for each species. Before the analysis of variance, the
normality of data was checked by the Shapiro-Wilk test and the homogeneity of variance
using the Levene test. In case that ANOVA assumption failed, we employed an arcsin
transformation for percentage values and a log transformation for the remaining values.
The post-hoc Tukey HSD test was used to assess the differences if the null hypothesis was
rejected, at a p-value of 0.05 (p < 0.05). The ANOVA was performed by using SPSS Statistics
statistical software (IBM SPSS Statistics, Chicago, IL, USA).

Three PCAs were executed to explain the maximum amount of variation in the data
set under control (PCAcon), intermediate water stress (PCAiws), and severe water stress
(PCAsws) conditions and downsize the data redundancy with as little loss of information
as possible. The 17 measured traits (FWs, FWr, DWs, DWr, WCs, WCr, TDW, Ln, SL, RL,
Chl a, Chl b, Caro, PRO, MDA, TF, TPC) were used as active quantitative variables, whereas
the six studied species (A. houstonianum, C. officinalis, C. chinensis, G. carinata, L. vulgare,
and X. bracteatum) were set as supplementary categorical variables, i.e., variables that were
not involved in the PCs determination. The data from the intermediate and severe water-
stressed plants were expressed as variation versus their respective controls, as explained
above. The quantitative variables were scaled to unit variance before the analysis to prevent
some variables from becoming dominant because of their large measurement units. The
correlation matrix of the scaled data was then diagonalised to obtain a set of eigenvectors
and eigenvalues, used to identify the principal components of the data. The p-values of the
Pearson correlation coefficients between the traits and the first two PCs of each PCA are
displayed in Table S1 of the Supplementary Materials. The eigenanalysis is shown in Figure
51 in the Supplementary Materials. As a complement, a canonical variate analysis (CVA)
was employed to profile the six species of interest under control (CVAcon), intermediate
(CVAiws), and severe water stress (CVAsws), maximising the discrimination between the
group means while minimising the variation within the groups.

The 100(1 — «) confidence region for each group was represented by a circle centered
at the respective group mean with squared radii equal to the appropriate upper percentage
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point of the x? distribution divided by the number of observations in each group (n),
V((X2)_(a,7)/n), where r is the number of canonical variate dimensions considered.
Given a probability level « = 0.05, these confidence circles are the region in the CVA space
within which approximately 95% per cent of the samples belonging to a given group are
expected to be found.

The 100(1 — «) tolerance regions of the whole population were constructed in the same
way as the confidence regions, but since the variability being assessed is due to individuals
rather than group means, the radius of the a% tolerance circle is , /((X'2)_(a, 7)) rather
than , /((xX'2)_(w,r)/n). The tolerance region for the population mean is a region in the
CV space where the population mean will fall % of times when a sample is taken from
the population and a canonical variation analysis is conducted. The coefficients of linear
discriminants of each CVA are shown in Table S2 of the Supplementary Materials.

For both the univariate and multivariate analysis, the data from the intermediate
water-stressed and severe water-stressed plants were expressed as percent variation versus
their respective controls, except for WCs and WCr, as they are percentage values.

The relationships among the traits under control, intermediate, and severe water stress
were assessed through one correlation network analysis, computing the pairwise Pearson’s
correlation at « = 0.05. For this last analysis, the data were directly used as they are, and
not expressed as a variation relative to the control.

The PCA and CVA analysis were performed with the libraries Stats [34], FactoMineR [35],
and MASS [36] of the R 4.2.2 statistical software and were graphically represented using
the packages ggplot2 [37] and ggforce [38]. The correlation networks were calculated and
drawn using the corrplot [39].

3. Results
3.1. Effect of Water Stress on Growth Parameters

The growth of the six selected species was affected by water stress, but as expected,
the most visible effects were those induced by severe water stress (SWS) when plants did
not receive any irrigation for one month.

One of the first drought effects is the reduction of plant growth. As there is variation
in the morphology of the six species under study, the effects of the water-stress treatments
were analysed with transformed values by considering the mean values in the control
(Table 1). Even in the absence of stress, in the control treatment, the six species had different
growth rates. In terms of shoot length at the end of the experiment, the tallest plants
were those of C. officinalis, with a mean shoot length of ca. 25 cm, and the shortest were
L. vulgare and X. bracteatum, with 10 and 11 cm, respectively. Root length varied only a little
between species, but their fresh weight reached 6 g in A. houstonianum vs. only 1.4 g in
C. officinalis. The differences in root weight were not so marked upon drying, as C. officinalis
had a very low water content in roots, i.e., less than 40%. More differences were registered
in the fresh weight of shoots with more than double weight in C. officinalis (19.4 g) than
in A. houstonianum, which had the lowest mean at 8 g. The highest total dry weight was
recorded in X. bracteatum due to having the lowest water content in roots and shoots.

When analysing the effect of the two levels of water stress on the shoot length, only
plants of C. officinalis (which had the longest shoots in control) subjected to severe water
stress treatment showed a significant reduction (Figure 2a).

The species C. officinalis and X. bracteatum were the most affected in the number of
leaves (Figure 2b), with a significant reduction with respect to the control observed already
in the intermediate stress treatment. Under severe stress conditions, C. chinensis and
L. vulgare plants also suffered a significant loss of leaves, whereas no significant effect was
found in A. houstonianum and G. carinata.
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Table 1. Growth parameters of non-stressed plants from the control treatment in the selected species.
Mean values followed by SE, n = 5. Abbreviations: shoot length (SL), leaf number (Ln), root length
(RL), root fresh weight (FWr), root dry weight (DWr), root water content (WCr), shoot fresh weight
(FWs), shoot dry weight (DWs), shoot water content (WCs), total dry weight (TDW).

Parameter A. houstonianum C. officinalis C. chinensis G. carinata L. vulgare X. bracteatum
SL (cm) 16.6 £ 1.0 248 £ 0.9 143 £ 3.2 155 £0.9 10.1 £ 04 113+ 14
Ln 154 +22 16.0 £ 1.0 18.0 £ 09 402 £3.7 23.0 £ 45 21.0£15
RL (cm) 29.7 £ 2.6 279 +£21 35.0+25 34.0 £ 8.6 323+29 29.3 £3.8
FWr (g) 63+19 14+04 51+12 45+1.0 541038 4.6 +0.1
DWr (g) 1.3+£03 0.8+0.2 0.8£0.1 0.6 £0.2 0.8£0.1 1.0+0.1
WCr (%) 789 +£0.2 39.2+62 833+ 0.2 84.8 £ 3.0 854 +0.7 770+23
FWs (g) 8.0+25 194+ 15 85135 14.0 £2.0 17.3 £ 0.9 103 £ 1.6
DWs (g) 0.8+ 0.2 20+£03 1.3+£03 1.3+03 1.5+0.1 20£0.1
WCs (%) 89.3 £0.5 895+ 1.6 745+ 11.8 904 +17 912+ 0.8 790+ 17
TDW (g) 21+0.6 28+04 22+04 20+£05 23+03 3.1+£0.0
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A. houstonianum C. officinalis C. chinensis G. carinata L. vulgare X. bracteatum

Figure 2. Effect of water stress on the shoot length (a) and number of leaves (b) in the six investigated
Asteraceae species. Bars indicate mean values with SE (n = 5) of percentage relative to the control
averages for each species, shown in Table 1. Different lowercase letters indicate significant differences
between treatments (CON—control, INS—intermediate water stress, and SWS—severe water stress)
per species, according to the Tukey test (p < 0.05).

Root length was not affected by the intermediate stress treatment in any of the six
species and decreased significantly under severe water stress only in plants of C. chinensis,
L. vulgare, and X. bracteatum (Figure 3a). Root FW mean values decreased in all species in
the IWS treatment, although the difference with the non-stressed controls was statistically
significant only for X. bracteatum, with a reduction of about 40% of the control. On the
other hand, root FW was significantly reduced in all species when subjected to severe
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water stress; here again, X. bracteatum appeared to be the most affected, with a reduction
of over 95% of the control (Figure 3b). All selected species showed relative resistance to
drought-induced root dehydration, as no significant WC reduction was observed in any
of them in the IWS treatment. However, under severe stress conditions, C. chinensis and
X. bracteatum plants did show a significant reduction of root WC (Figure 3c¢), indicating
that the decrease of root FW observed in these species (Figure 3b) was partly due to loss
of water.

160 0 CON HEIWS []SWs

140

120

Root length (%)

a a a b b a b b a

A. houstonianum  C. officinalis C. chinensis G. carinata L. vulgare X. bracteatum
(@)
160 ECON EIWS []SWS

Root FW (%)

b ab a
A. houstonianum  C. officinalis C. chinensis G. carinata L. vulgare X. bracteatum
(b)
160 E CON EIWs []SWS

140

120

100

Root WC (%)

b b

b ab a b a a a a b ab a b a
A. houstonianum C. officinalis C. chinensis G. carinata L. vulgare X. bracteatum
(c)

Figure 3. Effect of water stress on the root length (a), fresh weight (FW) (b) and water content (WC) (c)
in the six Asteraceae species. Bars indicate mean values with SE (1 = 5) of percentage relative to the
control averages for each species, shown in Table 1. Different lowercase letters indicate significant
differences between treatments (CON—control, IWNS—intermediate water stress, and SWS—severe
water stress) per species, according to the Tukey test (p < 0.05).
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Mean shoot FW values decreased in all six selected species, roughly in parallel to
the applied water stress intensity. For example, the IWS treatment induced reductions
from 10% in G. carinata and L. vulgare to over 30% in X. bracteatum, whereas under SWS
conditions, these percentages ranged from ca. 50% in G. carinata to over 90% in X. bracteatum.
However, partly due to the variability of the individual measurements reflected in the large
SE values, many of these differences with the non-stressed plants were not statistically
significant. Thus, under intermediate water stress, shoot FW reduction was significant
only in C. officinalis, whereas the SWS treatment induced reductions in all species except
A. houstonianum and C. chinensis (Figure 4a). Shoots were even more resistant than roots to
water stress-induced dehydration. Only X. bracteatum showed a significant water loss, and
only in the SWS treatment (Figure 4b).
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Figure 4. Effect of water stress on the shoot fresh weight (FW) (a) and water content (WC) (b) in the
six Asteraceae species. Bars indicate mean values with SE (1 = 5) of percentage relative to the control
averages for each species, shown in Table 1. Different lowercase letters indicate significant differences
between treatments (CON—control, INS—intermediate water stress, and SWS—severe water stress)
per species, according to the Tukey test (p < 0.05).

In terms of the total dry weight reduction, the strongest effect of water stress was
observed in X. bracteatum, in which DW was significantly reduced by ca. 30% of the control
in the intermediate and over 80% in the severe water stress treatment. On the other hand,
G. carinata showed the lowest reductions: 10% and 40% of the control for the IWS and
SWS treatment, respectively (Figure 5). Here again, the high variability of the individual
measurements was the cause that, in some species, relatively large differences between
mean values were not statistically significant; for example, in A. houstonianum under severe
water stress conditions (Figure 5).
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Figure 5. Effect of water stress on the total dry weight in the six Asteraceae species. Bars indicate
mean values with SE (n = 5) of percentage relative to the control averages for each species, shown in
Table 1. Different lowercase letters indicate significant differences between treatments (CON—control,
IWS—intermediate water stress, and SWS—severe water stress) per species, according to the Tukey
test (p < 0.05).

3.2. Biochemical Analysis

Photosynthetic pigments, namely chlorophylls 2 and b and total carotenoids, were
quantified in the shoots of all harvested plants. Only slight, non-significant fluctuations were
recorded for the three compounds in all analysed species, except chlorophyll b in C. officinalis,
which showed an increase in the plants subjected to severe water stress (Table 2).

Table 2. Effect of intermediate water stress (IWS) and severe water stress (SWS) on the measured
photosynthetic pigments, osmolytes, and antioxidant compounds. Mean values £ SE (1 = 5) of chloro-
phylls a and b (Chl a and Chl b), carotenoids (Caro), proline (PRO), malondialdehyde (MDA), total
phenolic compounds (TPC), and total flavonoids (TF) contents. Different lowercase letters indicate
significant differences between treatments for each species and measured parameter, according to the
Tukey test (p < 0.05). GA: gallic acid; C: catechin.

Parameter Treatment A'. C . . C . G L. X.
houstonianum officinalis chinensis carinata vulgare bracteatum
Chia CON 65+ 08a 56+12a 44+11a 43+10a 63+03a 90+26a
(mg -1 DW) WS 44+05a 46+06a 45+12a 45+04a 61+05a 724+08a
&8 SWS 87+45a 94+21a 38+02a 62403a 45+07a 754+03a
Chib CON 20+01a 16+02a 14+04a 17+05a 24401a 42+19a
(mg 51 DW) WS 14400a 16+02a 13+03a 18+02a 224+02a 25+03a
g8 SWS 46+31a 37+0.7b 13+01a 26+01a 184+02a 35+01a
Caro CON 12+01a 07+01a 06+01a 094+02a 08+0.1a 13+03a
(mg -1 DW) WS 08+01a 07+01a 07+01a 08401a 114+02a 13+01a
&8 SWS 13+08a 12+02a 08+00a 18+06a 07+01a 31+17a
PRO CON 32+13a 65+29a 25+03a 80423a 32+1.0a 98.0 + 13.6 a
(ol g-1 DW) WS 145+36a 31.9+59b 12+03a 28.0 +£89ab 21+05a 137.8 + 12.0 ab
Hmol g SWS 5394+ 11.7b 409+5.1b 133 +£26b 430+ 38D 94+21b 154.9 + 124 b
MDA CON 4270+566a  395+416a 5029+ 1313a 4589 + 14254 12813: 1844 8745364
~1
(nmol g=* DW) WS 3729+824a  3088+422a 537.0+137.1a 4214+1242a 1283'6;t 2268 4991+ 10044
SWS 7169 £2163a  347.8+489a  2492+522a 3260+ 1244a 20337: 4799 940474
TF CON 225+55a 56+10a 71+24a 30+ 06a 87+1.6a 533 4 144 a
(mgeq.Cg! WS 10.8 £3.0a 374+05a 19.4+73a 44409a 76+13a 5494+ 118 a
DW) SWS 76+50a 52+ 06a 84+27a 52407a 57+06a 238+41a
TPC CON 268+ 5.0a 81+1.1a 135+33a 139+42a 114+12a 140+42a
(mg eq. GA WS 163 +46a 65+02a 189 +52a 113+13a 143+23a 166+14a
g 1 DW) SWS 169+ 8.0a 74409a 126 +18a 105+35a 126 +24a 94+15a
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Mean proline contents increased in all species in response to the water stress treatments.
The differences with the average control values were not statistically significant in the IWS
treatment, except for C. officinalis, but were significant for all species under severe water
stress conditions. Exceptionally high PRO values were registered in X. bracteatum both in
control and under water stress conditions, compared to the other five species; however, its
relative increment in plants subjected to the SWS treatment was only 1.6-fold, whereas in
A. houstonianum, PRO contents increased ca. 17-fold compared to the control. All other
species showed intermediate increments, between 3- and 6-fold, approximately (Table 2).

Shoot concentrations of MDA, selected as a suitable oxidative stress biomarker, were
similar—ranging from ca. 400 to 500 nmol g~! DW—in non-stressed plants of all species,
except L. vulgare, which had between 2.5- and 3-fold higher MDA concentrations than
the other taxa. In no case, however, did MDA contents vary significantly in response
to the stress treatments, indicating that, under the experimental conditions used, water
stress did not generate oxidative stress as a secondary effect. Consequently, we did not
detect any significant change in the levels of antioxidant metabolites, such as total phenolic
compounds or flavonoids (Table 2).

3.3. Multivariate Analysis of Data

We performed three principal component analyses (PCA) to map the main axes of
variance within the measured data under control (PCAcon), intermediate water stress
(PCAiws), and severe water stress (PCAsws) conditions. We also conducted three canonical
variation analyses (CVA) in conjunction with PCA. CVA is a multivariate analysis technique
with higher power in separating similar groups and maximising the discrimination instead
of the variability.

Through the PCAcon (Figure 6) and the CVAcon (Figure 7), we could discern the
species-specific characteristics that distinguish the six species under analysis. In the PCAcon
biplot, X. bracteatum is located in the upper right corner, on the positive side of PC1, in the
same direction as the barycentres of proline, total phenolic compounds, and leaf pigments,
being the species with the highest concentration of pigments, proline, and flavonoids.
Another three species, A. houstonianum, L. vulgare, and G. carinata are also located on the
positive side of PC1. The first one is characterised by the highest content in phenolic
compounds, whereas the other two are characterised by the highest water content in the
above- and below-ground organs and by the highest number of leaves. The barycentres of
C. officinalis and C. chinensis are placed on the negative side of PC1, in the upper and lower
quadrant, respectively. The first species is noticeable for having the highest shoot length
and shoot fresh and dry biomass. Callistephus chinensis, instead, stands out for having the
highest root length and the lowest pigments and proline contents.

The CVAcon results revealed that X. bracteatum and L. vulgare are the most distinct
species in the light of the analysed variables. In contrast, the remaining four species
appeared to be more similar to each other, being positioned closely together in the canonical
variate space. From the analysis of the absolute coefficient of linear discriminants (Table 52
of the Supplementary Material), the content of carotenoids and chlorophyll b, the shoot dry
weight, and the shoot length are the most important predictor variables in distinguishing
the six studied species.

In PCAiws (Figure 8), the first component, explaining 28.3% of the data variance,
represents the mild water-stress symptoms observed under intermediate drought-stress
conditions. The six species results split into two groups, with L. vulgare, G. carinata, and
A. houstonianum on the left side of PC1, being the species that retained the highest biomass
and water content, and C. chinensis, X. bracteatum, and C. officinalis located on the negative
side of PC1, being the species that experienced a slightly higher drop in growth and final
biomass. The second PC, explaining 20.1% of the data variance, separated C. officinalis and
A. houstonianum, which were placed on the PC2 negative side, from the four remaining
species. Indeed, these two species are distinguished for having the highest accumula-
tion of proline and the lowest production of MDA. On the other hand, C. chinensis and
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X. bracteatum, located in the positive left side of PC2, strongly correlated with the produc-
tion of phenolic and flavonoid compounds; however, they were not as effective as proline
in suppressing MDA production. Finally, L. vulgare and G. carinata, located on the positive
right side of PC2, were characterised by having the highest pigment content.

The CVAiws results (Figure 9) indicated that the responses that stood out the most
under intermediate water-stress conditions were those of C. officinalis, A. houstonianum, and
X. bracteatum; the responses of the three remaining species, which are partially overlapping
in the CVA biplot, are less differentiable. The analysis of the absolute coefficients of linear
discriminants (Table S2) showed that the most valuable variables for species discrimination
under intermediate water stress were the root water content, the root fresh and dry weight,
and the leaf number. In contrast, the biochemical traits were less suitable in discerning the
plants’ responses to stress.

In PCAsws, the PC1 and the PC2 explained 27.3% and 17.9% of the database variance,
respectively (Figure 10). Once again, the first component synthesised the water-stress-
related symptoms. As in the previous case, the species appeared to separate into two
groups, with G. carinata, C. officinalis and A. houstonianum on the positive side of PC2, and
C. chinensis, X. bracteatum, and L. vulgare on the opposite side, although the latter falls
almost at the axis intersection. Indeed, the plants belonging to the first group, together
with L. vulgare, were the species that exhibited the highest ability to keep morphological
development, moisture retention, and biomass production under complete water withhold-
ing. In G. carinata, C. officinalis, and A. houstonianum, the pigment contents even increased.
Instead, C. chinensis and X. bracteatum had the most stunted growth.

(Xerochrysum bracteatum

: TDW
% FWs -
= (Calendula officinalis) WCs TPC
‘ Lnf [MDA] [Ageratum houstonianum
WCr

(Leucanthemum vulgare)

14 [ Glebionis carinata l
(Callistephus chinensis)

PC1 (21.43%)

Figure 6. PCAcon biplot. Pink circles indicate the barycentres of the six studied species, whereas
the green squares represent the 17 measured traits under control conditions (i.e., no drought
stress). Abbreviations: shoot fresh weight (FWs), shoot dry weight (DWs), root fresh weight (FWr),
root dry weight (DWr), total dry weight (TDW), shoot water content (WCs), root water content
(WCr), shoot length (SL), root length (RL), leaf number (Ln), chlorophyll a (Chl a), chlorophyll b
(Chl b), carotenoids (Caro), proline (PRO), total flavonoids (TF), total phenolic compounds (TPC),
malondialdehyde (MDA).
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Figure 7. CVAcon biplot. Different colours and shapes distinguish individuals from different group
species. The solid inner circles represent the 95% tolerance region for the population mean; the outer
dotted circles represent the 95% confidence region of the group means. The coloured rugs above the
x-axis represent the projection of the individuals belonging to each group.
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Figure 8. PCAiws biplot. Pink circles indicate the barycentres of the six studied species, whereas the
green squares represent the 17 measured traits under intermediate water stress conditions (i.e., no
drought stress). Abbreviations: shoot fresh weight (FWs), shoot dry weight (DWs), root fresh weight
(FWr), root dry weight (DWr), total dry weight (TDW), shoot water content (WCs), root water content
(WCr), shoot length (SL), root length (RL), leaf number (Ln), chlorophyll a (Chl a), chlorophyll b
(Chl b), carotenoids (Caro), proline (PRO), total flavonoids (TF), total phenolic compounds (TPC),
malondialdehyde (MDA).
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Figure 9. CVAiws biplot. Different colours and shapes distinguish individuals from different group
species. The solid inner circles represent the 95% tolerance region for the population mean; the outer
dotted circles represent the 95% confidence region of the group means. The coloured rugs above the
x-axis represent the projection of the individuals belonging to each group.
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Figure 10. PCAsws biplot. Pink circles indicate the barycentres of the six studied species, whereas
the green squares represent the 17 measured traits under severe water stress conditions (i.e., no
drought stress). Abbreviations: shoot fresh weight (FWs), shoot dry weight (DWs), root fresh weight
(FWr), root dry weight (DWr), total dry weight (TDW), shoot water content (WCs), root water content
(WCr), shoot length (SL), root length (RL), leaf number (Ln), chlorophyll a (Chl a), chlorophyll b
(Chl b), carotenoids (Caro), proline (PRO), total flavonoids (TF), total phenolic compounds (TPC),
malondialdehyde (MDA).

The CVAsws results (Figure 11) hinted that the response to complete withholding of
irrigation was very similar in G. carinata, C. officinalis, L. vulgare, and C. chinensis, since they
are strongly overlaid in the CVA biplot, whereas the responses of A. houstonianum and in
X. bracteatum were the most differentiated. Once again, the morphological variables—i.e.,
the root and shoot fresh and dry weight and water content, and the shoot length—were the
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most appropriate to assess the species differentiation. In contrast, the contents of osmolytes,
antioxidant compounds, and oxidative stress markers were less effective in distinguishing
the species under investigation.

cv2

Bl LU L , ‘ ,
5 0 5 10 15
cv1
E Ageratum houstonianum Callistephus chinensis E Leucanthemum vulgare

E Calendula officinalis Glebionis carinata Xerochrysum bracteatum

Figure 11. CVAsws biplot. Different colours and shapes distinguish individuals from different group
species. The solid inner circles represent the 95% tolerance region for the population mean; the outer
dotted circles represent the 95% confidence region of the group means. The coloured rugs above the
x-axis represent the projection of the individuals belonging to each group.

The entire dataset, including all the stress levels and all six species, was used to build
a network correlation plot (Figure 12) to get a comprehensive overview of the correlations
between the parameters. The plants’ fresh weight positively and strongly correlated to the
plant water content, both at the root and the shoot level. The proline content negatively
correlated with the root and shoot fresh weight and with the root dry weight and length.
Indeed, a higher concentration of this osmoprotective compound was found in plants
subjected to the highest levels of drought stress, in which the growth and development
were the most restrained. On the other hand, the proline content positively correlated
with the content of the three photosynthetic pigments, Chl a, Chl b, and Caro, suggesting
that the accumulation of this compound limited the pigments” oxidation. This hypothesis
is reinforced by the negative correlation between proline and MDA, implying that the
production of the first compound reduced oxidative damage under water stress. A weaker
positive correlation was observed between the three photosynthetic pigments and total
phenolic compounds and flavonoids, which indicates that these antioxidant metabolites
also contributed to the protection of the photosynthetic pool, albeit to a lesser extent. The
negative correlation between the photosynthetic pigments and the root length (RL) may
imply that, under restrained water availability, the plants favoured the development of
roots, to the detriment of the photosynthetic organs, to increase water uptake.
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Figure 12. Correlation network diagram displaying significant correlations (p < 0.05) between the
17 measured traits under control, intermediate, and severe water-stress conditions for the six species
under analysis. Each node depicts a variable, and highly correlated variables are clustered together.
Each path represents a correlation between the two traits it joins. A violet path indicates a positive
correlation, and a green path indicates a negative correlation. Only significant correlations are
illustrated. The width and transparency of the stripes express the strength of the correlation (wider
and less transparent = stronger correlation). Abbreviations: shoot fresh weight (FWs), shoot dry
weight (DWs), root fresh weight (FWr), root dry weight (DWr), total dry weight (TDW), shoot water
content (WCs), root water content (WCr), shoot length (SL), root length (RL), leaf number (Ln),
chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoids (Caro), proline (PRO), total flavonoids (TF),
total phenolic compounds (TPC), malondialdehyde (MDA).

4. Discussion

The most general effect of stress on plants is the suppression of growth as they divert
their resources, including energy and metabolic precursors, away from primary metabolism
and biomass buildup to activate particular defence mechanisms [40,41]. The limitation of
plant growth imposed by low water availability is mainly due to the reduction of plant
carbon balance, which is largely dependent on photosynthesis [42]. Almost all plants
close their stomata in response to drought stress to prevent transpirational water loss [43].
The reduction in CO, absorption caused by stomatal closure causes a comparable fall
in photosynthesis. Non-stomatal restrictions on photosynthesis, such as protein degra-
dation, reduced Rubisco activity, and decreased photosystem II quantum efficiency are
observed when drought stress is more severe [44]. Accordingly, after one month of complete
withholding of irrigation, all investigated species showed significant growth suppression.
However, not all species reacted to stress similarly, with some exhibiting a more consid-
erable decline in particular parameters. For instance, both C. officinalis and X. bracteatum
underwent the same significant loss in their total dry weight; however, the length and root
biomass of C. officinalis were not as significantly impacted as those of X. bracteatum.

It is also necessary to consider the variability of morphological characteristics in the
absence of stress. Some species, like C. officinalis, seem to invest more of their growth
resources in the aerial part, while others, such as A. houstonianum, rely more on the roots.
Therefore, it is difficult to identify a single growth criterion that can be used to rank the six
investigated species according to their tolerance to water stress. A comparison of straight-
forward growth metrics is often adequate for closely related genotypes, such as varieties
or cultivars of one species or even species belonging to the same genus. Some examples
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include permanent wilting in cowpea [45], roots system size in barley [46], reduction of
fresh shoots biomass accumulation in Juncus [47], foliar dehydration in Limonium [48],
reduction of leaf area and leaf fresh weight in eggplants and its hybrids [49], and shoot and
leaf dry weight in wild relatives of eggplant [50], amongst others. However, in addition to
growth characteristics, physiological, biochemical, and more recently, omics approaches
are also considered when screening a larger number of more distant genotypes for drought
resistance [51-57] (amongst many others). Within species or genera of Asteraceae, growth
parameters were often combined with other traits, such as reproductive fitness [58] or
physiological [59] or biochemical characteristics [14].

In this work, we examined several morphological characteristics of vegetative growth
along with a few specific, readily observable biochemical markers. However, for the appro-
priate interpretation of the outcomes of these experiments, we had to rely on multivariate
analysis tools due to the genetic variations across species belonging to distinct tribes of the
broad Asteraceae family, with diverse geographic origins and ecological optima. Multi-
variate analysis is any simultaneous examination of more than two variables [60], which
allows the graphical display of the interface between various samples and variables [61].
In the analysis of plant responses to drought, principal component analysis (PCA) has
been used frequently to identify the variables that are most important for explaining the
variation in the data or to identify patterns of species co-occurrence [62—-66]. Canonical
variate analysis (CVA) seeks to identify linear combinations of predictor variables that best
distinguish between different categories of a response variable. In plant studies, CVA can
be used to identify the characteristics or traits that strongly differentiate the response of
various species to external abiotic stressors, such as drought [67,68]. In summary, CVA
allows researchers to simultaneously look at multiple factors and identify which ones are
most important to distinguish between different species. This information can be helpful in
various applications, such as crop breeding, genetic improvement, crop management, and
environmental planning [69].

Multivariate analysis was performed separately for control, intermediate, and se-
vere water-stress treatments. Plants in the control treatment were separated mainly by
biochemical parameters, such as outstanding concentrations of proline in X. bracteatum
or high concentrations of phenolic compounds in A. houstonianum. Other species were
separated mostly due to morphological traits, such as C. officinalis with the highest length,
or C. chinensis with both morphological and biochemical parameters, having the highest
root length and the lowest content of pigments and proline. The CVAcon revealed that
X. bracteatum and L. vulgare were the most distinct species.

The multivariate analysis that was performed with parameter values that were trans-
formed into percentages of the corresponding controls allowed for the distinction of the
more tolerant species. In the intermediate stress group, the number of leaves, the fresh
and dry weight of the roots, and the root water content were the characteristics that were
most relevant for identifying the more tolerant species, whereas biochemical traits were
less effective. This could be explained by the fact that plants in this treatment experi-
enced only moderate stress, which may not be sufficient to activate some biochemical
response mechanisms, even if an impact on growth and development can be observed.
The species C. chinensis and X. bracteatum were the most negatively affected by mild water
stress. Regarding responses to severe water stress, A. houstonianum and X. bracteatum were
identified as the most tolerant and the most sensitive species, respectively. Glebionis carinata,
C. officinalis, and A. houstonianum were also included in the more tolerant category, whereas
X. bracteatum, C. chinensis, and L. vulgare were among the least tolerant. Once more, growth
reduction was more reliable than the variation of the biochemical indicators for classifying
species according to their relative tolerance to water stress.

Although there are differences in the concentrations of the biochemical compounds
analysed in the six species, only proline showed a notable significant increase under
stress. Still, considering proline as a suitable indicator of tolerance to water stress is
difficult when dealing with diverse species. This typical osmolyte found in plants, as in
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other organisms, accumulates in response to a range of abiotic stresses, including salinity
and drought [70,71]. Proline acts as an “osmoprotectant” in addition to its function in
cellular osmotic adjustment. This physiological role is accomplished by directly stabilising
proteins and sub-cellular structures such as membranes, scavenging free radicals, buffering
redox potential, reducing cellular acidosis, and acting as a signaling molecule in stress
responses [72,73]. Because proline performs such multiple functions, it stands to reason that
its accumulation would increase a plant’s ability to withstand stress, and numerous studies
on closely related genotypes of crops [74,75] and wild species [76,77] have shown this to
be the case. However, other comparative studies showed a negative correlation between
proline levels and stress tolerance, that is, increased proline accumulation under stress in
the less tolerant genotypes [63,78,79]. Many plant species accumulate proline as a general
“response” to abiotic stress; however, proline may or may not be engaged in stress tolerance
mechanisms, depending on the species. In our case, the correlation network revealed a high
positive correlation between the proline and photosynthetic pigment contents, confirming
the active role of this compound not only in the plant osmoregulation but also in scavenging
oxidative stress on photosystems, as further demonstrated by the negative correlation with
MDA concentration.

The species with invasive potential were found to be those more tolerant to water
stress, except L. vulgare, which was more severely affected by one month of complete
withholding of irrigation. The other invasives, A. houstonianum and G. carinata, proved to
better tolerate severe water stress than the remaining species, regardless of their native
range. The phenotypic plasticity of invasive species, which may play a significant role in
their success in invading new habitats, has been reported in studies for some time [80-83].
Plants can exhibit plasticity for a wide range of characteristics and in response to a variety
of environmental factors. In certain circumstances, adaptive flexibility may boost survival
and reproduction, increasing invasion success [84].

5. Conclusions

This comparative study on ornamental species belonging to different tribes of the
Asteraceae family, with different geographic origins and ecological characteristics, revealed
the utility of using multivariate analysis methods, specifically principal component analysis
(PCA) and canonical variation analysis (CVA) for screening drought tolerance. Using only
a few morphological or biochemical markers is unsuitable due to the large differences
between taxa. It will also be inappropriate in similar comparative studies including species
that are not closely related genetically. The multivariate analysis performed allowed for the
distinction of the more drought-tolerant species A. houstonianum, G. carinata, and L. vulgare
from the more susceptible C. officinalis, C. chinensis, and X. bracteatum. The group of the
more tolerant species included the two reported as invasive outside their native range
(A. houstonianum and L. vulgare).
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