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Abstract
Phytohormones have essential roles in plant growth responses under salinity. A better understanding of gibberellin (GA) 
function in woody plant responses under different sodium salts could help to develop new strategies to improve plant toler-
ance to salinity. In this study, the role of GA in morpho-physiological responses of halophytic woody Prosopis strombulifera 
plants under salinity was analyzed. Plants were grown in hydroponic solutions and exposed to NaCl,  Na2SO4, or their iso-
osmotic mixture at − 1.0, − 1.9, and − 2.6 MPa. Control (without salt) and salt-treated plants were sprayed with gibberel-
lin  A3  (GA3), or chlormequat chloride (CCC), an inhibitor of its synthesis. Growth responses, anatomical alterations and 
ABA, active GA forms  (GA1,  GA3, and  GA4) and inactive GA forms  (GA8 and  GA34) endogenous levels were evaluated. 
The application of  GA3 increased growth in control plants more than in salt-treated plants. Roots and leaves of salt-treated 
plants showed high levels of ABA and active GA forms after exposure to  GA3, and lower endogenous levels of active GA 
when receiving the inhibitor. CCC triggered stress-alleviating responses in these plants, such as anatomical and hormonal 
changes that included an increase in spine length and the number of palisade cell layers, and a reduction in levels of ABA 
and  GA4.  Na2SO4-treated plants showed reduced growth, high ABA levels and an active GA metabolism to control the levels 
of active GA. This study indicates that the suppression of GA signaling would contribute to sodium salts tolerance in the 
native halophytic woody P. strombulifera plants.
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Introduction

Soil salinity is increasing around the world, rendering vast 
stretches of land unavailable for economic exploitation such 
as in the form of agriculture and forestation (Qadir et al. 
2014). Although the phenomenon is observed mainly in arid 

and semi-arid regions, there are also large areas of saline 
soils in humid regions, particularly in coastal areas. In total, 
saline soils are estimated to cover one third of arable land 
worldwide (FAO 2017). Alterations identified at the ana-
tomical, physiological, and molecular levels indicate that 
plants undergo a complex metabolism reprogramming in 
their cells under this stressful condition (Singh et al. 2017; 
Sancho-Knapik et al 2017; Tanveer and Shabala 2018; Liu 
et al. 2019). Thus, a better understanding of these metabolic 
changes could help to develop new strategies to improve 
plant tolerance to salinity.

Phytohormones are essential for plant growth regulation 
and developmental responses to different environmental con-
ditions (Peleg and Blumwald 2011), including those aimed 
at adapting to salt. Abscisic acid (ABA) is known to be a key 
mediator in the plant's defense against abiotic stresses (Vish-
wakarma et al. 2017; Medina et al 2019), which explains 
why its levels rise rapidly under such conditions. ABA leads 
to plant responses such as water loss reduction via reduced 
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transpiration and, eventually, plant growth restriction (Sah 
et al. 2016). Gibberellins (GA), a large group of diterpenoid 
carboxylic acids, are compounds mediating plant growth 
and development, since they are involved in regulating root 
development, flowering, and fruit maturation, as well as 
in promoting shoot growth, among other functions (Hed-
den and Thomas 2016; Wang et al. 2017; Binenbaum et al. 
2018).

Salinity induces biochemical responses that disrupt the 
regulation of biosynthetic ABA and GA pathways (Goll-
dack et al. 2013; Shu et al. 2018). For instance, a reduction 
in levels and signaling of GA has been found to contribute 
to the restriction of plant growth upon exposure to different 
sources of abiotic stress, including salinity (Colebrook et al. 
2014). Nevertheless, results on the role of GA under salinity 
has been quite controversial.

Most studies on this topic have been performed on non-
woody plants, such as Arabidopsis thaliana (Zhang et al. 
2018; Chen et al. 2019). Given that plants can share homolo-
gous genes and characteristics even if they have diverged 
from a common ancestor over millions of years (Shi et al. 
2020), the role that GA play in non-woody plants might be 
conserved in woody plants. Further research is needed to 
clarify this topic, and one way to do it is by using plant 
growth retardants. These are products of chemical synthesis 
which delay cell division and elongation in stem tissues and 
one example of GA biosynthesis inhibition is chlormequat 
chloride (CCC or Cycocel; Han et al. 2011; Huang et al. 
2015). Using CCC, endogenous levels of GA can thus be 
manipulated, and the anatomical and physiological effects 
brought about by the treatment can be reversed by applying 
exogenous GA (Huang et al. 2015; He et al. 2019). This 
method thus makes it possible to create suitable experi-
mental conditions under which to explore the role of these 
hormones in woody plants under salinity, which will allow 
potential biochemical markers or genes for salt tolerance to 
be identified and used in breeding programs.

Halophytic woody plants have evolved to be naturally 
salt-tolerant and they can survive and complete their life 
cycles under salt concentrations over 200 mM NaCl (Flowers 
and Colmer 2015). A wide range of physiological, morpho-
logical, and molecular mechanisms are behind this adapt-
ability, which at the same time varies significantly between 
species. Prosopis strombulifera (Lam.) Benth (Burkart 
1976) is a native halophytic woody plant that grows as far up 
north as the Arizona Desert (USA) and as far down south as 
Patagonia (Argentina). In central Argentina, where salinized 
soils feature mostly NaCl and  Na2SO4 in a similar proportion 
(Sosa et al. 2005), this species is abundant. Previous studies 
demonstrated that P. strombulifera was able to survive even 
when exposed to up to 1 M NaCl in hydroponic experiments. 
By contrast, when grown in the presence of  Na2SO4, growth 
parameters were markedly reduced and were accompanied 

by senescence symptoms such as chlorosis, necrosis, and 
leaf abscission (Reinoso et al. 2005; Devinar et al. 2013). 
Plants growing in NaCl were able to filter the solution more 
efficiently than plants under  Na2SO4 by preventing the pas-
sage of excess ions into the xylem through a sodium exclu-
sion mechanism within the roots (this involves precocious 
development of a lignified endodermis; Reinoso et al. 2004). 
Also, NaCl-treated plants set in motion several adaptive 
responses such as ion compartmentation in vacuoles and 
increased synthesis of solutes such as proline, pinitol, and 
mannitol in the cytoplasm. By contrast,  Na2SO4 caused a 
water imbalance and toxicity symptoms due to altered car-
bon metabolism (Llanes et al. 2013, 2016). These differ-
ential responses of P. strombulifera to the salts most com-
monly found in salinized soils thus provides an excellent 
model on which to continue building our knowledge about 
salt tolerance mechanisms. Therefore, our hypothesis was 
that manipulation of GA biosynthesis in halophytic woody 
P. strombulifera plants with differential responses to NaCl 
and  Na2SO4 by the use of a GA biosynthesis inhibitor, would 
allow us to determine specific roles. Considering GA char-
acteristics as plant growth promoters through the control of 
cell division, cell elongation and shoot growth induction, it 
can be expected that high levels of active GA would not be 
favorable for developing tolerance responses. This is because 
a considerable amount of resources need to be diverted to 
withstand stress (Leone et al. 2014; Bechtold et al. 2018). By 
contrast, inhibition of GA biosynthesis would then render a 
stress resistant plant, with morphological and physiological 
traits involved in salt tolerance mechanisms, at the expense 
of growth (Magome et al. 2008; Colebrook et al. 2014). The 
aim of this work was to gain insight into the role of GA in 
this plant's growth responses to salt stress, by observing the 
alterations in foliar anatomy, stem growth, and endogenous 
profiles of ABA and GA induced by the salt treatments and 
the hormonal applications. To achieve this the experiments 
initially exposed plants to increasing concentrations of NaCl, 
 Na2SO4, or an iso-osmotic mixture of both salts. After reach-
ing previously determined osmotic potentials,  GA3 and CCC 
(an inhibitor of GA biosynthesis) were exogenously applied. 
To our knowledge, this is the first study that focuses on the 
function of GA in a halophytic woody plant and broadens 
our knowledge on the hormonal regulation of sodium salt 
tolerance.

Materials and Methods

Plant Materials

Proscopic strombulifera seeds were collected from a saline 
area in southwester San Luis province (Argentina), located 
at 33° 43´S, 66° 37´W, with an altitude of 400–500 m and 
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average annual temperatures of 15–20ºC. The soil has a 
sandy-loam texture, with abundant calcareous material and 
moderate salinity. The chemical composition of the soil in 
the sampling area indicates that NaCl and  Na2SO4 are found 
at similar concentrations according to soil analysis (Sosa 
et al 2005; Llanes et al 2013). However,  Na2SO4 was more 
abundant than NaCl in some soil samples. The soil profile 
from 0 to 35 cm depth shows an increase in EC (dS  m−1), 
from 8.4 to 11 (Sosa et al 2005). The voucher specimen 
was deposited in the herbarium of the Botanical Museum of 
Cordoba (CORD), National University of Cordoba (Argen-
tina): voucher number CORD 00,085,768 (Cantero 7284; the 
specimen was identified by Cantero J.J.). P. strombulifera 
pods were collected at random from 100 plants belonging 
to the same population. Seeds were selected visually on the 
basis of uniform size and healthy appearance, and afterward 
scarified with sulphuric acid (100%) for 10 min and washed 
with distilled water. They were then placed on Petri dishes 
for 24 h at 35 °C with two layers of filter paper saturated 
in distilled water. Germinated seeds with 1 cm-long roots 
were cultured under hydroponic conditions, in three black 
trays per treatment per experiment (100 seedlings per tray), 
with 25% full-strength Hoagland solution (Hoagland and 
Arnon 1950). Seedlings were grown in a chamber with a 
cycle of 16 h light (200 µmol m-2 s-1) at 28 °C and 8 h dark 
at 20 °C, and with 70% relative humidity. The solutions, at 
pH 6, were changed every two days and continuously aer-
ated by an aquarium tube system with a peristaltic pump. 
The experimental design consisted of nine black trays (three 
of each salt treatment). Trays were randomized periodically 
to minimize any variation within the culture chamber. At 
each sampling date, 24 h after reaching the final osmotic 

potentials desired for each salt treatment and spraying with 
 GA3, CCC or distilled water solutions, roots and leaves of 
at least 25 control plants and 25 treated plants were ran-
domly collected. Samples were frozen with liquid nitrogen 
and stored at − 80 °C for hormonal analysis. The experiment 
was repeated four times.

Salt Treatments

When the plants had undergone 21 days of culture, the salt 
treatments were applied following a simple randomized 
design. Salt treatments consisted of pulses of NaCl (50 mmol 
L Hoagland solution-1),  Na2SO4 (37.9 mmol L Hoagland 
solution-l), or their iso-osmotic mixture (obtained by mixing 
equal volumes of the monosaline solutions). Pulses of salts 
were performed every 48 h until reaching the final osmotic 
potentials evaluated (Ψo): − 1.0, − 1.9, or − 2.6 MPa for 
each salt treatment respectively, measured with a vapor 
pressure osmometer (Model 5500, Wescor Inc., Logan, 
UT, USA). The salt treatments are shown in Supplemen-
tary Information Table 1. Plants maintained in Hoagland 
solutions (Ψo of the medium = − 0.11 MPa) were kept as 
controls.

Treatments with GA3 and its Biosynthesis Inhibitor

The plants were sprayed with solutions of  GA3 (100 ppm), 
chlormequat chloride (CCC), a GA synthesis inhibitor 
(2500 ppm), or distilled water (DW), to which 0.05% (v/v) 
Triton X-100 was added as a surfactant. A hand-held sprayer 
was used and the whole plant was sprayed. Spraying took 
place when the osmotic potentials (Ψo) mentioned above 

Table 1  Effects of NaCl,  Na2SO4, or the iso-osmotic mixture of both 
(NaCl +  Na2SO4) on number of leaves, leaf length, and mesophyll 
thickness in Prosopis strombulifera plants sprayed with distilled 

water (DW), gibberellins  (GA3), or a gibberellin-synthesis inhibitor 
(CCC) at the lowest osmotic potential evaluated (− 2.6 MPa)

Control indicates non-salt-treated plants. Data are from four replicated experiments (n = 12 true biological replications). Values are means ± SE. 
Different letters indicate significant differences (p < 0.05)

Treatments Number of leaves Leaf length (mm) Mesophyll thickness (µm) Adaxial/abaxial palisade 
mesophyll ratio

Palisade/
spongy 
ratioAdaxial palisade Abaxial palisade 

mesophyll
Spongy

Control + DW 8.2 ± 0.92 a 2537.9 ± 11.2 e 77.8 ± 7.4 c 52.1 ± 1.1 c 38.6 ± 5.1 d 1.4 3.3
Control +  GA3 8.1 ± 0.83 a 1916.4 ± 18.3 a 30.5 ± 8.3 a 44.7 ± 6.8 c 27.1 ± 4.1 c 0.6 2.7
Control + CCC 8.4 ± 0.77 a 2118.2 ± 12.9 b 23.1 ± 6.7 a 17.4 ± 3.2 a 14.1 ± 2.7 a 1.3 2.9
NaCl + DW 6.5 ± 0.58 b 3099.3 ± 18.5 h 71.1 ± 11.7bc 90.2 ± 5.5 f 36.6 ± 4.8 d 1.2 4.3
NaCl +  GA3 6.1 ± 0.49 bc 2277.6 ± 18.8 c 85.3 ± 6.8 c 74.1 ± 6.2 e 36.8 ± 3.5 d 0.9 4.2
NaCl + CCC 6.4 ± 0.58 b 2531.5 ± 13.5 e 82.2 ± 4.5 c 51.8 ± 6.2 c 27.7 ± 5.1 bc 1.5 4.8
Na2SO4 + DW 5.3 ± 0.48 c 2310.2 ± 15.2 d 57.3 ± 8.2 b 33.5 ± 2.3 b 28.6 ± 3.1 c 1.7 3.3
Na2SO4 +  GA3 4.1 ± 0.32 d 2132.8 ± 17.0 b 23.6 ± 5.7 a 39.3 ± 4.2 b 28.6 ± 4.1 c 0.6 2.2
Na2SO4 + CCC 5.1 ± 0.51 c 2149.9 ± 13.2 b 62.2 ± 8.4 b 61.9 ± 2.9 d 41.2 ± 3.3 d 1.1 3.3
NaCl +  Na2SO4 + DW 7.1 ± 0.81 ab 2817.5 ± 8.5 g 54.5 ± 6.3 b 50.1 ± 4.3 c 22.9 ± 3.2 b 1.2 4.5
NaCl +  Na2SO4 +  GA3 6.7 ± 0.73 b 2607.1 ± 6.7 f 81.2 ± 2.1 c 106.9 ± 4.3 g 40.4 ± 2.3 d 0.7 4.6
NaCl +  Na2SO4 + CCC 7.2 ± 0.53 ab 2618.7 ± 5,5 f 90.9 ± 8.4 c 101.2 ± 4.9 g 40.4 ± 1.7 d 0.9 4.7
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(− 1.0, − 1.9, or − 2.6 MPa) were reached. For each sam-
pling, roots and leaves from controls and salt-treated plants 
were collected at random 24 h after the culture medium had 
reached the desired osmotic potentials and had been sprayed 
with the solutions of  GA3, CCC, or DW. Samples were fro-
zen with liquid nitrogen and stored at -80 °C for hormonal 
analysis.

Determination of Growth Parameters

Root length, shoot height, first internode length, number 
of leaves, and spine length were monitored throughout 
the experiment. Measurements began at the same time as 
the application of the salt treatments (when the plants had 
undergone 21 days of culture). Growth parameters were 
measured in 20 plants (control and salt treated) collected 
at random 24 h after the culture medium had reached the 
desired osmotic potentials (− 1.0, − 1.9, or − 2.6 MPa) and 
plants were sprayed with the solutions of  GA3, CCC, or DW.

Leaf Anatomy

Leaf samples from control and salt-treated plants were col-
lected 24 h after reaching osmotic potentials of − 1, − 1.9, 
and − 2.6 MPa and having been sprayed with solutions of 
 GA3, CCC, or DW. Samples were processed following Trav-
aglia et al. (2012). They were fixed in FAA solution (ethyl 
alcohol, water, formalin, glacial acetic acid, 50:35:10:5 
v/v) and then dehydrated in a series of ethyl alcohol-xylol 
mixtures. Next, they were placed in Histowax (highly 
purified paraffin wax with added polymers) (D'Ambrogio 
1986), and 13 µm thick longitudinal and transversal cuts 
were made with a rotary microtome (Leitz®, Wetzlar, Ger-
many). Afterward, they were stained with triple coloration 
of Hematoxylin-Safranin and Fast Green (Johansen 1940) 
and mounted using DPX (Distirene-Plasticizer-Xylene). The 
histological preparations were photographed with a camera 
AxioCam HRc, (Carl Zeiss, Göttingen, Germany) attached 
to a standard microscope (Model 16, Carl Zeiss). The bound-
ary between xylem and phloem was identified by differential 
staining of the cell walls corresponding to sieve and ves-
sel elements. The morpho-anatomical parameters evaluated 
were leaf length, mesophyll thickness, palisade and spongy 
parenchyma thickness, palisade/spongy mesophyll ratio, 
adaxial/abaxial palisade ratio, and characteristics of the 
central vascular bundles. The images were processed and 
analyzed using Image Pro-Plus software (Media Cybernetics 
Inc, Rockville, MD).

ABA and GA (actives and inactive forms) Profile

To analyze phytohormones, 100 mg of root and leaf sam-
ples (dry weight) from control and salt-treated plants were 

collected 24 h after reaching osmotic potentials of − 1, 
− 1.9, and − 2.6 MPa and having been sprayed with solu-
tions of  GA3, CCC, or DW. Samples were ground with liquid 
nitrogen, and ABA and GA were extracted with 3 ml of 
extraction buffer (water–methanol-acetic acid, 80:19:1 v/v, 
pH 2.8). 50 ng of deuterated ABA,  GA1,  GA3,  GA4,  GA8, 
and  GA34 (OlChemIm Ltd, Olomouc, Czech Republic) were 
added as internal standards. The extracts were centrifuged 
at 8000 rpm for 15 min, and the supernatants were col-
lected and mixed twice with ethyl acetate. The organic phase 
was separated and evaporated at 37ºC. The dried extracts 
were dissolved in methanol and 10 μl of each sample were 
injected into a Liquid Chromatograph (LC) (Waters Corp., 
New York, NY, USA). MS/MS experiments were performed 
on a Micromas Quattro UltimaTM PT double quadrupole 
mass spectrometer (Micromass, Manchester City, UK). LC 
analyses, MS/MS parameters and quantification of each hor-
mone were performed as described by Llanes et al. (2014).

Experimental Design and Statistical Analysis

This study was carried out following a completely ran-
domized experimental design in a 4 × 3 factorial scheme. 
Growth parameters and anatomical and hormonal data 
were analyzed as described by Di Rienzo et al. (2016). The 
intervening factors were as follows: (1) 4 levels of salinity: 
Control (without salt), NaCl,  Na2SO4, and the mixture of 
both salts, and (2) 3 levels of exogenous spray applications: 
distilled water,  GA3, and CCC. A two-factor ANOVA (con-
sidering salinity and exogenous applications) was performed 
for each variable. Tukey's test (α = 0.05) was used for post-
hoc comparisons. InfoStat statistical software (version 2018, 
Centro de Transferencia InfoStat, Universidad Nacional de 
Córdoba, Argentina) was used to perform all data analyses.

Results

Growth responses in P. strombulifera were altered upon 
exposure to different types of salt (NaCl,  Na2SO4 and 
NaCl +  Na2SO4) and levels of salinity (− 1, − 1.9, and 
− 2.6 MPa) in the culture medium, as well as to the exog-
enous applications of  GA3, its biosynthesis inhibitor (CCC) 
or distilled water (DW). These two factors (salinity and hor-
monal applications) and the interactions between them had 
significant effects (p < 0.05) at the lowest osmotic potential 
evaluated (− 2.6 MPa). Therefore, only the results whose 
interaction was significant are shown (Fig. 1). In fact, plant 
growth behaved differently in response to the different salts 
in the medium after the plants were sprayed.  GA3 increased 
root length in all salt-treated plants but decreased it in the 
controls as compared to plants sprayed with distilled water. 
No significant changes in this parameter could be attributed 
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to CCC in any of the plants (Fig. 1A). The lowest shoot 
height was found in  Na2SO4− treated plants sprayed with 
 GA3, while similar values of shoot height were observed 
in NaCl and NaCl +  Na2SO4− treated plants sprayed with 
 GA3. By contrast, this parameter significantly increased in 
the controls in response to the application of  GA3, reaching 
the highest shoot height (35 cm). Once again, CCC pro-
duced no changes in shoot height in controls and salt-treated 
plants as compared to plants sprayed with distilled water 
(Fig. 1B). The first internode length of controls and salt-
treated plants sprayed with  GA3 was significantly longer (4 

and 3 cm, respectively) as compared to plants sprayed with 
distilled water or CCC (2 cm). The first internodes of all 
CCC-sprayed plants were similar in length and no signifi-
cant differences were observed between them (Fig. 1C). The 
application of CCC, however, brought about an increase in 
spine length regardless of the treatments.  GA3-treated plants 
had shorter spines than those plants receiving distilled water 
(3 and 6 mm, respectively; Fig. 1D).

The exposure to salinity and the applications of  GA3, 
CCC, or DW modified the number of leaves, leaf length, and 
mesophyll thickness, but the changes were only significant 
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Fig. 1  Effects of NaCl,  Na2SO4, or the iso-osmotic mixture of both 
(NaCl +  Na2SO4) on root length (A), shoot height (B), first internode 
length (C), and spine length (D) in Prosopis strombulifera plants 
sprayed with distilled water (DW), gibberellins  (GA3), or a gibberel-
lin-synthesis inhibitor (CCC) at the lowest osmotic potential evalu-

ated (Ψo: -2.6  MPa). Control indicates non-salt-treated plants. Data 
are from four replicated experiments (n = 12 true biological replica-
tions). Values are means ± SE. Different letters indicate significant 
differences (p < 0.05)
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(p < 0.05) at the lowest osmotic potential (− 2.6 MPa) evalu-
ated (Table 1 and Supplementary Information Fig. 1). The 
highest number of leaves was observed in non-salinized 
plants, regardless of the sprayed solution. No significant 
differences in number of leaves were observed in NaCl and 
NaCl +  Na2SO4-treated plants sprayed with  GA3, CCC, or 
distilled water.  Na2SO4-treated plants sprayed with  GA3 
showed the lowest number of leaves (Table 1), which was 
accompanied by chlorosis and leaf abscission (data not 
shown). The leaf length in the controls and in all salt-treated 
plants sprayed with either  GA3 or CCC was less than in 
those plants sprayed with distilled water. Nevertheless, the 
lowest values for leaf length were observed in plants sprayed 
with  GA3. Plants treated with the iso-osmotic mixture of 
NaCl and  Na2SO4 showed intermediate values in leaf length 
and mesophyll thickness to those observed in monosaline-
treated plants, regardless of the sprayed solution. Examina-
tion of cross sections revealed an increased palisade/spongy 
ratio in salt-treated plants than in the controls sprayed with 
 GA3, CCC, or distilled water, except for  Na2SO4-treated 
plants sprayed with  GA3, whose leaves had the lowest pali-
sade/spongy ratio (Table 1 and Supplementary Information 
Fig. 1). The ratio between palisade mesophyll on the adaxial 
and the abaxial sides of the leaf was significantly higher 
in NaCl-,  Na2SO4-, and iso-osmotic mixture-treated plants 
sprayed with CCC than in those receiving  GA3 (1.5, 1.1, 0.9 
and 0.9, 0.6, 0.7, respectively). Leaf sections showed an iso-
lateral organization and stomata were more abundant on the 
adaxial surface. Palisade cells tended to adopt an elongated 
shape, with similar size and arrangements toward both sur-
faces, mainly in salt-treated leaves, whereas plants sprayed 
with CCC had more epidermal cells with abundant tannins 
on the adaxial surface (data not shown).

The interaction between salinity and exogenous hormo-
nal applications had a significant effect (p < 0.05) on cen-
tral vascular bundles features in leaves of P. strombulifera 
plants at the lowest osmotic potential reached (Table 2 
and Supplementary Information Fig. 2). The fiber wall 
was thickest around them in NaCl-treated plants, regard-
less of the sprayed solution. GA3 decreased the thickness 
of fibers in controls and NaCl-treated plants as compared 
to those sprayed with distilled water (54.3, 74.1 and 67.2, 
85.5 µm, respectively). By contrast,  GA3 increased it in 
 Na2SO4-treated plants as compared those sprayed with dis-
tilled water (60.1 and 49.4 µm, respectively). No significant 
effects were observed in central vascular bundles features 
in leaves of NaCl +  Na2SO4-treated plants sprayed with the 
different solutions. CCC significantly increased the thick-
ness of wall fibers in leaves of  Na2SO4-treated plants in 
comparison with those sprayed with distilled water (68.5 
and 49.5 µm, respectively). NaCl-treated plants also had the 
fewest parenchyma layers surrounding the bundles, regard-
less of the sprayed solution. The number of layers in all 

salt-treated plants was not affected by distilled water,  GA3, 
or CCC, but the hormone inhibitor did increase them in the 
controls. Parenchyma cells were larger on the abaxial side 
and most contained tannins. One to three minor vascular 
bundles could be observed at the sides of the central vascular 
bundles (data not shown).

Changes in endogenous levels of ABA and GA (active 
and inactive forms) also took place in roots and leaves 
under the different experimental conditions and, like the 
anatomical changes, they were significant (p < 0.05) at 
the lowest osmotic potential (− 2.6 MPa) reached (Fig. 2 
and 3). The endogenous levels of hormones in sprayed 
plants varied under exposure to different types of salts in 
the culture medium. In general, the levels of ABA were 
higher in salt-treated plants than in the controls (Fig. 2A, 
B). Roots of salt-treated plants had the highest ABA level 
when sprayed with  GA3, but the application of CCC did 
not modify this parameter in comparison with salt-treated 
plants sprayed with distilled water (Fig. 2A). Similarly, 
the leaves of salt-treated plants showed an increase in 
ABA when sprayed with  GA3, with the highest level being 
observed in  Na2SO4-treated plants (11.6 ng.gDW-1). The 
leaves of NaCl +  Na2SO4-treated plants sprayed with  GA3 
showed intermediate values of ABA to those observed 
in the NaCl- and  Na2SO4- treated plants (9.3 and 7.6, 
11.6 ng.gDW-1, respectively). On the other hand, ABA 
content was lower in leaves exposed to NaCl and  Na2SO4 
solutions and sprayed with CCC than in those sprayed with 

Table 2  Effects of NaCl,  Na2SO4, or the iso-osmotic mixture of both 
(NaCl +  Na2SO4) on central vascular bundle features in the leaves 
of Prosopis strombulifera plants sprayed with distilled water (DW), 
gibberellins (GA3), or a gibberellin-synthesis inhibitor (CCC) after 
being cultured hydroponically at the lowest osmotic potential evalu-
ated (− 2.6 MPa)

Control indicates non-salt-treated plants. Data are from four repli-
cated experiments (n = 12 true biological replications). Values are 
means ± SE. Different letters indicate significant differences (p < 0.05)

Treatments Thickness of fibers 
(µm)

Number of 
parenchyma 
layers

Control + DW 67.2 ± 1.1 d 5 ± 0.1 b
Control +  GA3 54.3 ± 2.8 b 5 ± 0.2 b
Control + CCC 69.2 ± 1.1 d 6 ± 0.2 c
NaCl + DW 85.5 ± 0.5 f 4 ± 0.3 a
NaCl +  GA3 74.1 ± 3.3 e 4 ± 0.2 a
NaCl + CCC 87.7 ± 2.5 f 4 ± 0.4 a
Na2SO4 + DW 49.4 ± 2.1 a 5 ± 0.1 b
Na2SO4 +  GA3 60.1 ± 0.9 c 5 ± 0.2 b
Na2SO4 + CCC 68.5 ± 0.9 d 5 ± 0.2 b
NaCl +  Na2SO4 + DW 66.4 ± 2.5 d 5 ± 0.3 b
NaCl +  Na2SO4 +  GA3 67.1 ± 2.1 d 5 ± 0.2 b
NaCl +  Na2SO4 + CCC 69.7 ± 2.2 d 5 ± 0.3 b
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distilled water. CCC had no significant effects on controls 
or on plants treated with the mixture of both monosaline 
solutions (Fig. 2B). For its part, endogenous levels of  GA3 
in roots and leaves was either very low or undetectable by 
LC–MS-MS, no matter the salt treatment or the applica-
tion (data not shown). The values for  GA1 were the high-
est in roots of controls, and decreased significantly when 
they were exposed to CCC. Although its content tended 
to increase in the roots of salt-treated plants sprayed with 
 GA3, the differences were not significant with respect to 
plants sprayed with distilled water (Fig. 3A). In leaves, 
 GA1 decreased only in controls sprayed with CCC in 
comparison with those sprayed with distilled water. Over-
all, this hormone was not altered in leaves of salt-treated 
plants in response to CCC or  GA3 (Fig. 3B). An increase 
in  GA4, the most abundant biologically active GA in P. 
strombulifera, was observed in the roots of NaCl- and 
 Na2SO4-treated plants sprayed with  GA3, as compared to 
those sprayed with distilled water (5.1, 2 and 3.9, 1.5 ng.
gDW-1, respectively). However, no effects on levels of 
 GA4 were observed in roots of NaCl +  Na2SO4-treated 
plants sprayed with  GA3. The application of CCC, by con-
trast, decreased  GA4 levels in control and all salt-treated 
plants (Fig. 3C). In leaves, the highest level was detected 
in  GA3-sprayed controls, while a reduction from distilled 
water values took place in both control and salt-treated 
plants upon application of CCC. Thus, the lowest values 

of  GA4 were registered in  Na2SO4-treated plants sprayed 
with CCC (Fig. 3D).

Given that the 2beta-hydroxylation of  GA1 results in an 
inactive  GA8 form, while that of  GA4 produces inactive 
 GA34, both  GA8 and  GA34 were analyzed. GA8 was gen-
erally higher in the roots of salt-treated plants than in the 
controls, regardless of the exogenous applications, but it was 
significantly reduced in roots when  GA3 was used. In the 
roots of  Na2SO4-treated plants sprayed with CCC, its con-
tent increased with respect to the distilled water treatment 
(0.76 and 0.44 ng.gDW-1, respectively, Fig. 3E). The leaves 
of  Na2SO4-treated plants also showed the highest level of 
 GA8 when sprayed with distilled water or CCC. On the other 
hand,  GA3 and CCC exogenous applications reduced  GA8 in 
leaves of controls plants as compared to those sprayed with 
distilled water. As far as plants treated with the iso-osmotic 
mixture of monosaline solutions are concerned, there was 
an increase in  GA8 in their leaves upon application of  GA3 
and a decrease upon application of CCC in comparison with 
distilled water application. A reduction of  GA8 content was 
found in leaves of NaCl-treated plants sprayed with the 
inhibitor in comparison with  GA3 or distilled water appli-
cations (Fig. 3F). As regards  GA34, its highest level in roots 
was observed in  Na2SO4-treated plants sprayed with  GA3. 
The applications of  GA3 and CCC reduced it in the roots of 
NaCl-treated plants, but did not affect either the controls or 
NaCl +  Na2SO4-treated plants (Fig. 3G). In leaves, its highest 
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values were found in  Na2SO4 and NaCl +  Na2SO4-treated 
plants sprayed with distilled water, but  GA3 and CCC did 
not modify it, regardless of the salt treatments (Fig. 3H).

Discussion

The present work seeks to make a contribution to the knowl-
edge gap on how the exogenous application of an active 
gibberellin  (GA3) or an inhibitor of GA synthesis (CCC) 
affects the woody halophytic plant P.strombulifera and mod-
ifies growth in response to different salts (NaCl,  Na2SO4 or 
the iso-osmotic mixture of both) present in a hydroponic 
culture medium. NaCl and  Na2SO4 are the most commonly 
found salts in soils of many countries (Moreno-Izaguirre 
et al. 2016; Reich et al. 2017; Taleisnik et al 2021). Thus, it 
is important to compare both NaCl and  Na2SO4 effects on 
physiological and biochemical responses that woody plants 
develop to cope with soil salinity in natural environments. 
It has been reported that plant growth responses depend on 
the type of salt and the osmotic potential generated, as well 
as on the physiological and phenological state of the plant, 
among other factors (Flowers and Colmer 2015; Hniličková 
et al. 2019; Tanveer et al. 2020). In the present study, results 
demonstrated that P. strombulifera is a halophytic species 
that shows changes in growth responses, morpho-anatom-
ical parameters, and hormonal profile only when plants 
were exposed at the lowest osmotic potential evaluated 
(− 2.6 MPa), without significant modifications at − 1 and 
− 1.9 MPa in the hydroponic culture. This is relevant consid-
ering that plants able to survive in salinized areas with more 
than 500 mM NaCl are scarce (Flowers and Colmer 2015). 
Therefore, P. strombulifera plants are within the maximum 
tolerance levels reported for halophytic plants (700 mM 
NaCl). However, previous results in this species also dem-
onstrated that P. strombulifera is less tolerant to  Na2SO4 
than to NaCl, and that sulfate toxic effects were partially 
reversed with the iso-osmotic mixture (NaCl +  Na2SO4). The 
presence of large amounts of sulfate anion in the cytosol and 
cell compartments affected metabolism, ion compartmenta-
tion, and hormonal levels (Llanes et al. 2013, 2016; Reginato 
et al. 2014). Furthermore, Reich et al. (2017) reported a 
higher toxicity of  Na2SO4 over NaCl in Brassica napa plants 

by altering the sulfate transporters in cell membranes and 
leading to a detrimental efflux of sulfate into the cytosol and 
the chloroplasts.

The application of  GA3 fostered growth in non-salin-
ized plants (controls) but negatively affected growth in 
salt-treated plants; specifically, despite an increase in root 
length, stressed plants treated with  GA3 had shorter shoots 
(although their first internode length increased in all plants). 
Interestingly, additional growth inhibition upon  GA3 appli-
cation in  Na2SO4-treated plants was evidenced by a reduc-
tion in the number of leaves, with increased leaf chlorosis 
and abscission, and a decrease in palisade/spongy ratio, 
which indicate that sulfate toxicity symptoms were accen-
tuated by  GA3. Overall, these results indicate that exogenous 
applications of  GA3 exacerbated the effects of salinity in 
P. strombulifera plants. The applications of CCC produced 
no changes in shoot height, root length, and first internode 
length in controls and salt-treated plants as compared to 
plants sprayed with distilled water or  GA3, although CCC 
triggered modifications in spine length, leaf thickness, num-
ber of palisade cell layers, number of leaves, and endogenous 
hormone levels.

Roots and leaves of salt-treated plants sprayed with  GA3 
showed an accumulation of ABA, which suggests that more 
ABA may be needed for appropriate responses to salinity. 
ABA has been demonstrated to play important roles in the 
regulation of plant responses to salinity, such as limiting 
water loss through the adjustment of stomatal aperture 
(Umezawa et al. 2010; Finkelstein 2013; Sah et al. 2016; 
Cai et al. 2017; Medina et al. 2019). However, regardless 
of the hormonal applications, the fact that the highest ABA 
levels were observed in leaves of  Na2SO4-treated plants con-
firms previous results which proposed that the presence of 
sulfate in mesophyll cells interferes with ABA signaling, 
since it causes stomata to remain open and transpiration to 
be high (Llanes et al. 2014). P. strombulifera plants sprayed 
with CCC in our study showed lower ABA levels than those 
sprayed with  GA3, which could be associated with a reduced 
impact of ions under salinity in CCC-treated plants. In effect, 
previous reports have shown that ABA is necessary for the 
maintenance of intracellular ion homeostasis and the accu-
mulation of compatible solutes, and that it can improve the 
activity of tonoplast antiporters and the expression of salt 
tolerance responsive genes (Fukuda et al. 2011; Anschütz 
et al. 2014; Osakabe et al. 2014; Vishwakarma et al. 2017; 
Ullah et al. 2018). The lower endogenous levels of GA also 
resulted in improved growth responses to salt stress. Much 
in the same way, Arabidopsis plants subjected to salt condi-
tions have been observed to undergo a reduction in levels of 
GA active. This physiological adjustment in GA contents 
under stressful conditions is presumed to have a protective 
role, as evidenced by the enhanced tolerance to salt stress of 
GA-deficient mutants (Magome et al. 2008).

Fig. 3  Effects of NaCl,  Na2SO4, or the iso-osmotic mixture of both 
(NaCl +  Na2SO4) on the gibberellin profile in roots (A, C, E, and G) 
and leaves (B, D, F, and H) in Prosopis strombulifera plants sprayed 
with distilled water (DW), gibberellins  (GA3), or a gibberellin-syn-
thesis inhibitor (CCC) at the lowest osmotic potential evaluated (Ψo: 
-2.6 MPa). A and B correspond to  GA1 content, C and D to  GA4 con-
tent, E and F to  GA8, G and H to  GA34. Control indicates non-salt-
treated plants. Data are from four replicated experiments (n = 12 true 
biological replications). Values are means ± SE. Different letters indi-
cate significant differences (p < 0.05)

◂
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An interesting result is that CCC application caused an 
increase in spine length. Spines are modified leaves or leaf 
parts that can work as an adaptive strategy under adverse 
conditions (Mauseth 1988). For instance, plants can develop 
spines as a consequence of water shortages to reduce transpi-
ration, which is why spiny plants are more frequently found 
in arid than in humid regions (Nobel 2003; Bagella et al. 
2019). The presence of greater spines in salt-treated plants 
sprayed with CCC in our experiments could therefore repre-
sent an adaptation trait in response to salinity, while in con-
trol plants, it may be a symptom brought on by the growth 
retardant. Importantly, our results revealed significantly 
thicker palisade tissues in salt-treated plants sprayed with 
CCC, which could be related to higher photosynthetic activ-
ity (Nandy et al. 2005) as a means of coping with the salt 
conditions. Thicker leaves are another helpful trait for some 
plants growing under salt conditions, because they make it 
possible for more water to be retained by mesophyll tissues, 
thus counteracting salt toxicity (Naz et al. 2016). Moreover, 
thicker palisade tissue contributes to a higher light energy 
capture and mesophyll conductance and hence to  CO2 dif-
fusion that can increase the photosynthesis rate (Nandy 
et al. 2005). Since the process of photosynthesis takes place 
mainly within these cells, increased parenchyma thickness 
enables higher photosynthetic activity and carbohydrate pro-
duction. It is worthy to mention here that all these effects 
observed upon CCC application are known by plant physi-
ologists as rustication, a typical response to this group of 
plant growth regulators, the growth retardants, due to their 
capacity to inhibit GA biosynthesis. Rustication is a process 
that involves biochemical modifications in the metabolism 
to produce complex carbohydrates such as lignin, suberin, 
tannins at the expense of growth, providing a greater plant 
resistance to stress (Taiz et al. 2015). By contrast, the appli-
cation of  GA3 on  Na2SO4-treated plants caused the lowest 
palisade/spongy ratio registered. This obvious impact on 
the photosynthesizing tissue could be related to the toxic 
effects of the sulfate anion, which has also been found to 
remarkably decrease net photosynthetic rate, maximum 
quantum efficiency of PSII, and quantum yield in P. strom-
bulifera plants at − 2.6 MPa  Na2SO4 (unpublished data). 
Thus, the application of  GA3 intensified the negative effects 
of  Na2SO4. Lastly, although the formation of fibers in the 
xylem and phloem of maturing leaves is known to be con-
trolled by hormones such as auxins and citokinins (Aloni 
2013), GA have also been pointed out as likely participants 
in the process (Dayan et al. 2012). However, in the present 
study, results did not show a larger number of fibers in the 
vascular bundles after the application of  GA3, which sug-
gests that salinity might trigger other signals that inhibit this 
specific role of GA. In addition, the fibers in the leaf vascular 
bundles became thicker after exposure to the GA synthesis 
inhibitor. Further clarity on this particular point could be 

gained by comparing levels of active GA in the histological 
leaf sections of plants under all treatments and applications, 
but finer image resolution than the one used in this study 
would be needed.

Among the more than 130 GA identified, only a few are 
known to be active forms  (GA1,  GA3,  GA4, and  GA7) which 
can induce physiological functions, while inactive forms act 
as precursors for the active ones or are deactivated metab-
olites in plants (Yamaguchi et al. 2008; Kim et al. 2014; 
Magome and Kamiya 2016). In this study,  GA4 was found 
to be the most abundant biologically active GA in P. strom-
bulifera plants. Its content was significantly higher than that 
of other active forms like  GA1 and  GA3 independently of the 
treatment and most of the morpho-physiological responses 
observed could be related to  GA4 action. The exogenous 
application of  GA3 produced no changes in endogenous 
levels of  GA3, which were very low or not detectable, prob-
ably due to its immediate metabolism once entering the cell. 
However, application of  GA3 induced a high  GA4 accumula-
tion in the non-stressed tissues of control plant leaves, but in 
 Na2SO4-treated plants, the synthesis and metabolism of  GA1 
were stimulated producing high levels of its catabolite  GA8. 
CCC, on the other hand, decreased the levels of the active 
 GA4 in  Na2SO4-treated plants and also increased  GA1 syn-
thesis and metabolism, producing high levels of its catabolite 
 GA8. GA are inactivated through at least three different path-
ways, as evidenced by some studies in rice and Arabidopsis 
plants (Zhu et al. 2006; Rieu et al. 2008; Zhang et al. 2011). 
More precisely, precursors and active forms are substrates 
of catabolic enzymes gibberellin-2-oxidase (GA2ox), gib-
berellin methyltransferase (GAMT), and CYP714A. Some 
GA2ox enzymes can hydroxylate C-2 in active  C19-GA  (GA1 
and  GA4) to produce inactive GA forms, such as  GA8 and 
 GA34, among others (Hedden and Phillips 2000; Sakamoto 
et al. 2004). Recently, Shufang et al. (2018) demonstrated 
that GA2ox expression may be involved in NaCl-controlled 
root growth in Arabidopsis plants, because root elongation 
was positively correlated with enzyme expression levels. 
In the present study, salt-treated plants had higher levels 
of  GA8 and  GA34 than the controls, which suggests that 
GA2ox pathways are functioning in these plants. In addi-
tion, result of endogenous levels of active and inactive form 
of GA in control and salt-treated plants sprayed with CCC 
indicates that inhibitor application was not effective reduc-
ing the biosynthesis of GA. However, CCC modified the 
spine length, leaf thickness, number of palisade cell layers, 
number of leaves, and endogenous ABA levels in sprayed 
plants. The low efficacy of CCC as inhibitor of GA biosyn-
thesis in P. strombulifera plants suggests that the presence 
of this inhibitor is not enough to block the earlier steps of 
the GA biosynthesis pathways (Rademacher, 2016; He et al. 
2019). This effect could be related to responses depending 
on the dose of the inhibitor or activation of GA independent 
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processes. Results of study not exclude the possibility that 
woody plants evolved multistep pathways of GA regulation 
and the use of other GA inhibitors to deepen the role of GA 
in plants under salinity.

Conclusion

The present study demonstrates, for the first time, how 
the exogenous application of an active GA form  (GA3) 
or an inhibitor of GA synthesis (CCC) affects the woody 
halophytic plant P. strombulifera and modifies growth in 
response to different sodium salts present in a hydroponic 
culture medium. These growth responses were affected not 
only by the low osmotic potential generated in the culture 
medium (− 2.6 MPa), but also by the chemical composition 
of the salts, being highly tolerant to NaCl (i.e., with no com-
promise to growth up to concentrations higher than 700 mM 
NaCl). By contrast,  Na2SO4-treated plants showed growth 
inhibition and high ABA levels related to accumulation of 
sulfate anion in the cytosol causing metabolic toxicity, which 
can be partially reversed in the presence of NaCl when both 
salts are combined in an iso-osmotic mixture, probably due 
to ion antagonism and mutual competence at the membrane 
level (Reginato et al. 2014).

The high endogenous levels of  GA4 in leaves of all salt-
treated plants, together with the low levels of its catabolite 
 GA34 and high levels of ABA, suggest that both hormones 
act in concert in the regulation of plant growth under salin-
ity conditions. It has been clear for some time that a major 
role of GA signaling in the response to abiotic stress is to 
integrate information from a number of other hormone sign-
aling pathways, and ABA is known to be closely integrated 
with GA signaling in a number of systems (Colebrook et al. 
2014).

GA1 was also present in leaves and roots of all salt-treated 
plants but in much lower concentrations that  GA4. Its cat-
abolite  GA8 was nevertheless found in higher concentrations 
than  GA34, especially in  Na2SO4-treated plants, suggesting 
that the levels of the active form are tightly controlled.

The application of application of CCC, an inhibitor of 
GA synthesis, triggered morpho-anatomical and hormonal 
changes such as an increase in spine length, leaf thickness, 
and number of palisade cell layers, and a reduction in endog-
enous ABA levels in all salt-treated plants. All these traits, 
characteristic of a 'rustic' or stress resistant plant, coincided 
with a significant decrease in  GA4 in the most stressed 
plants, which were treated with  Na2SO4. In agreement with 
our results, evidence is accumulating that suppression of 
GA signaling is a general response to abiotic stress, with 
transcriptional upregulation of GA2ox genes, encoding GA-
inactivating enzymes. Furthermore, the action of GA can-
not be considered in isolation of the other hormone signals, 

because of the rapidly emerging evidence for interactions 
between hormone pathways, in many cases mediated by 
DELLA proteins (Liu et al. 2016; Shu et al. 2018).

These findings contribute to our knowledge about the 
role of GA in the physiology of woody plants growing in 
saline soils, such as the Prosopis genus studied here. Future 
research could be carried out at the transcriptomic level to 
continue elucidating the relevance of these hormones in 
these plants' response to salinity.
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