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ABSTRACT: Salinity affects growth and quality of ornamental plants, but studies on mechanisms of salt tolerance
in these plants are scarce, particularly under tropical climate conditions. Thus, the morphophysiological leaf
responses of four tropical ornamental species were studied, in order to identify the mechanisms involved in the
tolerance to salinity and their potentials to be irrigated with brackish water. The research was conducted in a
greenhouse using a completely randomized block design, in a 10 x 4 factorial scheme, with four repetitions. The
treatments consisted of ten levels of electrical conductivity of irrigation water (0.5; 1.0; 2.0; 3.0; 4.0; 5.0; 6.0; 8.0;
10.0 and 12.0 dS m™) and four ornamental tropical species (Catharanthus roseus, Allamanda cathartica, Ixora
coccinea, and Duranta erecta). At 30 and 60 days after the beginning of saline treatments (DAST), measurements
ofleaf gas exchange and chlorophyll index were performed. At 60 DAST, leaf area, specific leaf area, leaf area ratio,
leaf succulence, Na* and proline concentrations were measured. The physiological and morphophysiological
responses of the leaves indicate that I coccinea species has high capacity to grow under irrigation with saline
water. Its higher tolerance to salinity is related to the lower concentration of Na* in the leaves. Conversely, the
sensitivity of D. erecta was associated with high Na* and proline concentrations in leaves. The leaf concentration
of proline showed to be an indicator more related to the sensitivity of ornamental plants to salt stress; however
this relationship should not be generalized for all ornamental species studied.
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Respostas morfofisiologicas e mecanismos de tolerancia a salinidade
em quatro espécies ornamentais perenes sob clima tropical

RESUMO: A salinidade afeta o crescimento e a qualidade das plantas ornamentais, mas estudos sobre mecanismos
de tolerancia ao sal nessas plantas sio escassos, particularmente sob condigdes de clima tropical. Assim, estudaram-
se as respostas morfofisioldgicas foliares de quatro espécies ornamentais tropicais, a fim de identificar mecanismos
envolvidos na tolerancia a salinidade e seus potenciais para serem irrigadas com agua salobra. A pesquisa foi
conduzida em casa-de-vegetagdo, em delineamento em blocos casualizados, com tratamentos arranjados em
esquema fatorial 10 x 4, com quatro repeticdes. Os tratamentos consistiram de 10 niveis de condutividades elétricas
da dgua de irrigacdo (0,5; 1,0; 2,0; 3,0; 4,0; 5,0; 6,0; 8,0; 10,0 e 12,0 dSm™) e quatro espécies ornamentais tropicais
(Catharanthus roseus, Allamanda cathartica, Ixora coccinea e Duranta erecta). Aos 30 e 60 dias ap6s o inicio dos
tratamentos salinos (DAST), foram avaliadas as trocas gasosas foliares e o indice relativo de clorofila. Aos 60
DAST foram mensurados: area foliar, area foliar especifica, razdo de drea foliar, grau de suculéncia, e teores de
Na* e de prolina. A andlise das respostas fisiologicas e morfofisioldgicas foliares indica que I. coccinea apresenta
alta capacidade de crescimento sob irrigacdo com agua salina. Sua maior tolerancia a salinidade esta relacionada a
menor concentragao foliar de Na*. Por outro lado, a sensibilidade de D. erecta foi associada a elevadas concentragoes
de Na* e prolina nas folhas. A concentragdo de prolina se mostrou um indicador mais relacionado a sensibilidade
ao estresse salino, porém essa relacdo nao pode ser generalizada para todas as espécies ornamentais estudadas.
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INTRODUCTION

The worth of the world production of ornamental plants
and cut flowers is about 50 billion Euros, corresponding to a
high global consumption annually. However, currently, there
is a reduction in this production partially due to the problems
related to abiotic stresses, such as salinity (Cassaniti et al., 2013;
Garcia-Caparrds et al., 2016).

In Brazil, the cultivation of ornamental plants is an
important economic activity due to the climatic diversity (wet,
semi-arid, hot, cold) and strategic points for their marketing.
The Brazilian floriculture has shown progressive development,
due to the increase in the internal market and the conquest
in exports, which has contributed to keeping local workers
employed in rural areas.

High salinity compromises the development of crops,
especially in dry climates (Munns & Tester, 2008). Salinity
affects water absorption, physiological processes and plant
growth (Lacerda et al., 2006a; Acosta-Motos et al., 2015; Taiz et
al., 2015). For ornamental plants, salt stress can also affect the
visual quality, a relevant characteristic in the commercialization
(Niu et al., 2012; Neves et al., 2018; Oliveira et al., 2018).

Irrigation with saline water can be an important strategy
for the cultivation of species used in landscaping. However, it is
necessary to find ornamental species which can be established
under salt stress conditions (Miyamoto et al., 2004; Niu et al.,
2007; Cai etal., 2014; Wu et al., 2016; Liu et al., 2017; Oliveira
etal.,, 2017). However, studies on mechanisms of salt tolerance
in ornamental plants are scarce, particularly under tropical
climate.

In this context, in this study it was aimed to evaluate
the effects of salt stress intensity on the physiological and
morphological responses of four ornamental perennial species,
in order to identify the mechanisms involved in the salt
tolerance and identify species with potential to be irrigated
with saline waters under tropical climate.

MATERIAL AND METHODS

The study was conducted in a greenhouse, belonging
to the Departamento de Engenharia Agricola of the
Universidade Federal do Ceard, in Fortaleza, CE, Brazil,
located at the geographical coordinates: 3°45’ S; 38° 33’ W and
approximately 19 m of altitude. The climate in the region is Aw),
tropical rainy, according to Képpen’s classification (Alvares et
al., 2013). The mean air temperature inside the greenhouse
ranged from 29.1 to 31.3 °C, while the air relative humidity
oscillated from 57.8 to 70.2%. The photoperiod was about 12 h
(Oliveira et al., 2018).

A completely randomized block design was used in a 10
x 4 factorial scheme, relative to 10 salt concentrations of the
irrigation water and four ornamental perennial species. Four
blocks were used, totaling 160 experimental units formed by
two pots, each containing one plant.

The irrigation water electrical conductivities (ECw) for the
experiment were 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0 and
12.0 dS m, obtained by dissolving sodium chloride (NaCl)
and calcium chloride (CaCl,.2H,0), in equivalent proportion
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of 7:3, in water from a well (ECw = 0.9 dS m™') situated in the
experimental area. To obtain the lowest level of salinity, well
water was diluted in rainwater. The proportion of salts used in
irrigation water is a representative approximation for mono and
divalent cations of most sources of water available for irrigation
in Northeastern Brazil (Medeiros, 1992).

Seedlings of four perennial ornamental species were used:
Catharanthus roseus (L) G. Don., Allamanda cathartica L.,
Ixora coccinea L. and Duranta erecta L. These species are
classified as shrubs or semi herbaceous and are often found
in gardens and landscapes in tropical regions. The seedlings
with 30 days of germination were obtained from a certified
producer registered at the Ministry of Agriculture, Livestock
and Supply, Brazil.

The seedlings were transplanted to 7-L plastic pots with
holes at the bottom to drain any excess water. The pots were
filled with a 2- to 3-mm-thick layer of crushed stone at the
bottom to facilitate drainage, and the remaining volume
with the substrate composed of a mixture of sand material,
earthworm humus and Ultisol, in a proportion of 7:1:2 (v/v/v),
respectively, and it was characterized as non-saline and non-
sodic. After transplanting, the seedlings were irrigated using
well water for a period of 15 days. After this period the plants
were irrigated with the waters of different salt concentrations
according to the treatments.

The applied water depth followed the principle of drainage
lysimeter, trying to maintain the soil at field capacity and
applying a leaching fraction of 0.15, to avoid excessive
accumulation of soluble salts in the soil (Ayers & Westcot,
1999). Irrigations were performed every other day, and the
irrigation depth for each treatment was manually applied in
a localized manner.

At 30 and 60 DAST, readings of leaf gas exchanges and
relative chlorophyll index were taken. At 60 DAST, plants were
harvested, and the following parameters were determined: leaf
area (LA, m? plant?), leaf area ratio (LAR, cm?® g), specific
leaf area (SLA, cm? g*), leaf succulence (LS, g H,O cm?) and
leaf concentration of Na* (flame photometer) and proline.
Leaf traits, Na*, and proline concentration were determined
according to Benincasa (2003), Malavolta et al. (1997) and
Bates et al. (1973), respectively.

Measurements of the rates of photosynthesis (A),
transpiration (E), stomatal conductance (gs) and internal
CO, concentration (Ci) were taken in fully expanded leaves in
good phytosanitary condition, using an infrared gas analyzer
(Model Li - 6400XT - LICOR’, USA). Evaluations were carried
out between 8 and 11 h, using saturating radiation (1,500
umol m?s), CO, concentration of 400 mol mol™, and under
environmental conditions of air temperature and air relative
humidity. Relative chlorophyll index was obtained using
a portable chlorophyll meter (SPAD 502, Minolta Co. Ltd,
Osaka, Japan), in the same leaves used for the analyses of leaf
gas exchanges.

The results were subjected to analysis of variance (F test)
and polynomial regression analysis to check the existence of
individual effects and interactions between factors, using as a
support tool the statistical software Sisvar’ (Ferreira, 2011). For
leaf gas exchanges and relative chlorophyll index, the statistical
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analysis was performed separately for each period, and the data
were also presented separately.

RESULTS AND DISCUSSION

Figure 1 presents the results of stomatal conductance (gs),
net photosynthesis (A) and transpiration (E), in response to
irrigation water salinity, at 30 and 60 DAST. It can be observed
that the species C. roseus stands out with highest values of gs
(Figures 1A and B), A (Figures 1C and D) and E (Figures 1E
and F) under low-salinity conditions, whereas the species I.
coccinea showed the lowest values under these same conditions.

When comparing the effects of salinity on leaf gas
exchanges, it becomes evident that at 30 DAST the species
I coccinea was little influenced by the stress, while the rates
observed for D. erecta were close to zero at the highest levels of
salinity (Figures 1A, C and E). At the highest level of salinity,
the photosynthetic rate decreased by 67.8, 60.6, 22.5 and 88.4%
at 30 DAST (Figure 1C), respectively for species C. roseus, A.
cathartica, I. coccinea and D. erecta. At 60 DAST (Figure 1D),
these reductions were intensified, reaching 100, 90.3, 51.4 and
100%, respectively. The percentage reductions in gs (Figure 1B)
and E (Figure 1F) also increased with the prolongation of stress
period and were similar to those of A, being more intense in
D. erecta and less in 1. coccinea.

The internal CO, concentration (Figures 2A and B) and
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decreased linearly for all species, but with marked differences
between them, especially at 60 DAST measurements. In the
determination performed at 30 DAST the species I. coccinea
stood out in relation to the others, showing only small
reduction in the Ci value. At 60 DAST, this species continued
to show a smaller decrease in the A/Ci ratio, despite the high
reduction in Ci. At this period, the species A. cathartica showed
the largest reduction in the Ci, while the species C. roseus and
D. erecta had the greatest reductions in the A/Ci ratio.

The relative chlorophyll index (Figure 3) showed a trend
similar to that of most of the variables analyzed, with a
reduction as salinity increased for all species studied. The
negative effects became more intense with the increase in
stress duration, and in the measurement at 60 DAST decreases
of 77.7, 26.0, 24.0 and 33.5% were observed in the species C.
roseus, A. cathartica, 1. coccinea and D. erecta, respectively, at
the highest level of irrigation water salinity (ECw =12 dSm™)
compared to the control treatment (Figure 3).

The data of leaf gas exchanges (Figures 1 and 2) and
chlorophyll index (Figure 3) demonstrate clearly the
intensification of the negative effects with the duration of
exposure to salinity, a common response for plants subjected to
this type of abiotic stress (Bacha et al., 2017). The proportional
reductions in gs and A caused by salinity (Figure 1) indicate
that the decrease in the photosynthetic rate may be related to
stomatal effects, which limit the CO, influx for the assimilation
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Figure 1. Stomatal conductance (gs), net photosynthesis rate (A) and transpiration rate (E) in leaves of C. roseus, A. cathartica,
I coccinea and D. erecta, at 30 (A, C and E) and 60 (B, D and F) days after the beginning of saline treatments (DAST) as a
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On the other hand, data of Ci (Figures 2A and B) and A/Ci
(Figures 2C and D) indicate that non-stomatal responses may
also have acted in this inhibition, particularly in the longer
duration of exposure to stress. In the last evaluation (60 DAST),
the reductions in Ci were lower in the species that had greater
inhibition in the photosynthetic rate, C. roseus and D. erecta
(mean reduction of 31.1% for Ci), compared to the other two
species, A. cathartica and I. coccinea (mean reduction of 44.7%
for Ci). Consequently, great difference in the reduction of
instantaneous carboxylation efficiency was observed, reaching

amean reduction of 82.1% in the two former species and only
33.5% in the latter species.

It was observed that the species I. coccinea stands out
for exhibiting the lowest and highest rates of photosynthesis
(Figure 1B), respectively under conditions of low and high
salinity. On the other hand, species D. erecta and C. roseus
showed the greatest limitations under salt stress. For these
species, it is evident that the reduction in the photosynthetic
rate is associated with stomatal and non-stomatal effects,
notably at the highest levels of salinity, as has been reported
in other studies (Seemann & Cristchley, 1985; Debez et al,,
2008; Bacha et al., 2017).

In plants subjected to severe level of salt stress, decrease
in photosynthesis can be related to low stomatal conductance,
reduction in chlorophyll concentration, and inhibition in
photochemical and enzymatic processes related to CO,
assimilation (Rahnama et al., 2010; Silva et al., 2011; Taiz et
al., 2015). In the long term, this may be the result, at least in
part, of the accumulation of Na* and CI in the leaves, which
reach toxic levels in the chloroplasts (Munns & Tester, 2008;
Alvarez et al., 2018).

Chlorophyll loss under salinity can be related to salt-
induced activity of chlorophyllase, an enzyme that acts in the
process of degradation of this molecule (Taiz et al., 2015),
and reduction in chlorophyll concentration can reduce the
commercial value of ornamental plants (Toscano et al., 2018).
In this study, the chlorophyll index was severely affected in C.
roseus (Figure 3), which was visually observed at 60 DAST, and
this effect can explain, at least in part, the greater reduction in
the photosynthesis rate in this species (Bacha et al., 2017; Li
et al,, 2018). On the other hand, chlorophyll index decreased
linearly for other species, with little difference among them.
This indicates that chlorophyll index should not always be
used as an indicator to show differences in salt tolerance.
For I. coccinea and D. erecta, for example, chlorophyll index
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decreases by 24.0 and 33.5% at the highest level of salinity,
while inhibitions in the photosynthetic rate reach 51.4 and
100%, respectively.

Leaf growth was strongly affected by the increase in
irrigation water salinity (Figure 4A), and the effects were
less significant on I. coccinea. Leaf morphophysiological
characteristics, SLA (Figure 4B), LAR (Figure 4C), and LS
(Figure 4D), were also influenced by the increase in irrigation
water salinity, with minimum effect being observed in leaves
of I. coccinea. At the low levels of salinity, C. roseus plants
exhibited the highest values of SLA and LAR and lowest
values of LS. This species managed to maintain and even
increase the values of SLA and LAR up to moderate levels of
salinity, but the reduction became drastic at the higher levels,
especially for LAR. The other species (A. cathartica and D.
erecta) also showed reductions in SLA and LAR, which were
less pronounced than in C. roseus.

Leaf succulence decreased linearly in the species D. erecta,
but no mathematical model fitted to C. roseus and I. coccinea
data (Figure 4D). The species A. cathartica showed a quadratic
response with reduction in leaf succulence up to intermediate
levels of salinity and subsequent increase at the higher levels.
This species also showed higher values at both low and high
levels of water salinity, compared to the other species, whereas
C. roseus and D. erecta were the ones that showed lowest leaf
succulence at the highest level of salinity. When comparing
the highest and lowest water salinity levels, the reduction in
LS reached 49, 20, 18 and 60.7%, respectively for C. roseus
(based on mean values), A. cathartica, 1. coccinea (based on
mean values) and D. erecta.

The effects of salinity on leaf area (Figure 4A) were less
significant on I. coccinea, a species that also showed lesser
effects of salinity on the leaf gas exchanges (Figures 1 and 2).
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Maintenance of a larger area intended for photosynthesis and
higher photosynthetic rates per leaf area unit are two important
indicators of salt tolerance (Munns & Tester, 2008), which
markedly distinguish the species I. coccinea from the others
studied here.

Reduction in SLA caused by water salinity (Figure 4B)
indicates an increase in leaf thickness, which may be due to the
increment in cell wall thickening or to the increase in the volume
of the spongy mesophyll cells, to the detriment of the volume
of the palisade parenchyma cells (Costa et al., 2003). Although
such increase in mesophyll thickness may favor the maintenance
of net photosynthesis rate per leaf area unit under salt stress
conditions (Lacerda et al., 2006a), this was not evident in the
present study, since the maintenance of higher photosynthetic
rates under high salinity (Figure 1B) occurred in the species I.
coccinea, which had slight reduction in SLA (Figure 4B).

LAR indicates the size of the system to capture light for
photosynthesis in relation to the total biomass of the plant,
resulting from the product between SLA and leaf weight ratio.
The results demonstrate that the reduction in LAR (Figures 4C)
in the species C. roseus, A. cathartica and D. erecta was largely
due to the decrease in SLA. The species I. coccinea once again
presented itself as the one with the most balanced response,
with minimal variations in SLA, leaf weight ratio (data not
shown) and LAR.

In many species, leaf succulence increases in response to
salt stress, a mechanism of dilution of potentially toxic ions
accumulated in the leaves (Costa et al., 2003; Garcia-Caparrods
etal., 2016; Lacerda et al., 2006a). However, reductions or lack
of effects of salinity on leaf succulence have been observed in
other species or cultivars (Costa et al., 2003; Garcia-Caparros
et al., 2016), similar to the results obtained with the species
evaluated in the present study (Figure 4D).
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Figure 5. Leaf concentration of Na* (A) and proline (B) in C. roseus, A. cathartica, I. coccinea and D. erecta plants at 60 days
after the beginning of saline treatments (DAST) as a function of electrical conductivity of irrigation water (ECw)

Sodium concentration in leaves increased with the
increment in the values of irrigation water salinity (Figure 5A).
However, this increase varied among the species at different
levels of salinity. The species A. cathartica had the highest Na*
concentration at the lowest level of salinity, showing an increase
up to the intermediate level (6 dS m™') with a subsequent trend
to stabilization. The other species showed linear increases in
the leaf sodium concentration, with increments of 1.027, 0.229
and 1.287 g kg™ per unit increase in the electrical conductivity
of the irrigation water, respectively for C. roseus, I. coccinea
and D. erecta.

Leaf proline concentration did not show any definite trend
with the increase in water salinity in the species A. cathartica
and I coccinea (Figure 5B). On the other hand, there were
linear increases in proline concentration for C. roseus and D.
erecta, with increments of 0.921 and 2.299 pmol g per unit
increase in the electrical conductivity, respectively.

Differential salt tolerance can be related to lower
accumulation of potentially toxic ions, like sodium, or high
accumulation of compatible solutes, like proline. These results
showed that the greatest increments in Na* contents occurred
in D. erecta and C. roseus, and the smallest ones in the species
I coccinea (Figure 5A). Based on these results it is clear that
the best indicators of salt tolerance observed for I. coccinea,
i.e., maintenance of leaf gas exchanges, chlorophyll index, and
leaf morphological characteristics, can be explained mostly
by the capacity to maintain low concentrations of Na*in
photosynthesizing tissues, as also found by other authors in
different species (Muuns & Tester, 2008; Cassaniti et al., 2009,
2013; Liu et al., 2017; Garcia-Caparrés & Lao, 2018). Intrinsic
characteristics of this species, including low E (Figures 1E
and F) and SLA (Figure 4B), may contribute to reduce the
accumulation of potentially toxic ions in the leaves. On the
other hand, the species that showed the highest accumulation
of sodium in the leaves, D. erecta, was also the one that showed
symptoms of leaf necrosis (results not presented) and reduction
in leaf succulence.

Some authors have found positive correlation between
proline accumulation and salt tolerance of plants (Kaur &
Asthir, 2015; Garcia-Caparrds et al., 2016; Garcia-Caparrds
& Lao, 2018; Li et al., 2018). Accumulation of proline could
be due to synthesis, decreased degradation, lower utilization,
or hydrolysis of proteins, and it contributes to stabilization of

sub-cellular structures, scavenging free radicals, and buffering
cellular redox potential (Kaur & Asthir, 2015). However, these
results demonstrate that proline contents increased linearly in
the species C. roseus and D. erecta, being higher in the latter,
but did not change in the species I. coccinea and A. cathartica
(Figure 5B).

These results show the complexity of this type of response,
and no correlation was observed between the increase in
proline concentrations in the leaves and tolerance to salinity,
since the species which showed the best physiological
performance under salt stress did not exhibit any change in
proline contents. Conversely, the highest increases were found
in the species C. roseus and D. erecta, which showed greater
reductions in the photosynthetic rates. In this case, proline
appears to be an indicator of the damage caused by salt stress,
as demonstrated by Lacerda et al. (2003) in sorghum genotypes.

On the other hand, the species A. cathartica, which also
underwent a strong inhibition in physiological traits, showed
no response in terms of proline concentrations (Figure 5B).
A possible explanation would be the maintenance of high
leaf succulence (Figure 4D) in this species, since the increase
in proline concentration seems to depend on the degree of
hydration of the tissues (Lacerda et al., 2006b). The results
obtained with D. erecta are consistent with this hypothesis,
since this species had greater reduction in leaf succulence and
greater increase in proline concentrations.

CONCLUSIONS

1. The greater tolerance to salinity of I. coccinea, evidenced
by the smallest reductions in the photosynthetic rate, is due
to its ability to prevent excessive accumulation of sodium
in photosynthesizing tissues and maintenance of the
morphophysiological leaf traits.

2. Low values of stomatal conductance, transpiration rate,
and specific leaf area, may contribute for plants of I. coccinea
to tolerate the adverse conditions imposed by excess of salts
in the root environment.

3. The leaf concentration of proline is the indicator most
related to the sensitivity of ornamental plants to salt stress,
since the highest accumulation was observed in the most salt
sensitive species. However, this negative relationship should
not be generalized for all ornamental species studied, since
the accumulation of proline also depends on the degree of
leaf succulence.
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