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Abstract: Halophytes are an excellent choice for the study of genes conferring
salt tolerance to salt-sensitive plants and, they are suitable for reclamation and
remediation of saline soil. We develop an in vitro plant propagation protocol
and studies of genes involved with GB and Pro biosynthesis in Suaeda edulis.
Axillary buds were used as explants and cultured in different treatments on Mur-
ashige and Skoog (MS) medium supplemented with different concentrations and
combinations of plant growth regulators. The highest number of multiple shoots
was on MS medium containing 1 mg/L Benzyladenine (BA) and / or 2 g/L acti-
vated carbon with 5.5 ± 06 shoots per explant. The identification and expression
analysis of genes involved in glycine betaine (GB) biosynthesis were S-adenosyl-
methionine synthetase (SAMS), choline monooxygenase (CMO) and betaine alde-
hyde dehydrogenase (BADH), and for proline (Pro) was pyrroline 5-carboxylate
synthetase (P5CS). These sequences shared 90–95% of identity with others plant
homologous in public databases. The amino acids sequence analysis showed that
all these peptides contain some of the conserved motifs of those kinds of
enzymes. The qRT-PCR analysis revealed a higher expression of SeBADH,
SeCMO, and, SeP5CS genes in the roots and leaves from plants collected in
the field in contrast with from in vitro plants. However, the expression level of
SeSAMS was higher only in the leaves of plants collected in the field when com-
pared to those cultivated in vitro.
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1 Introduction

The high soil salinity can cause in plants: a) osmotic unbalance, b) ionic toxicity, c) alterations in the
membrane composition and d) structure and photosynthesis disruption. To overcome the harmful effects
of osmotic stress, some plants can make modifications in their physiology and anatomy including a
succession of mechanisms that maintain or restore the adequate metabolic activity of the plant; among
these mechanisms are the osmoprotectant biosynthesis such as GB and Pro [1–3].

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

Phyton-International Journal of Experimental Botany
DOI:10.32604/phyton.2020.09769

Article

echT PressScience

http://dx.doi.org/10.32604/phyton.2020.09769
http://dx.doi.org/10.32604/phyton.2020.09769


The GB and Pro biosynthesis is well established. For GB biosynthesis, cytoplasmic and chloroplast
enzymes participate: first, the S-adenosylmethionine synthetase (SAMS) adds a methyl group to phospho-
ethanolamine compounds to synthesize choline, then the choline is transported to the chloroplast where
the choline monooxygenase (CMO) enzyme acts to synthesize betaine aldehyde, and finally it is
converted to GB by the betaine aldehyde dehydrogenase (BADH) [4]. Several studies of genes involved
in the GB and Pro synthesis have been carried out in the genus Suaeda under conditions of salt stress: for
example, SAMS, CMO and BADH, which have been analyzed in different species of Suaeda such as
S. marítima [4], S. salsa [5], S. fructicosa [6] and S. glauca [7].

There are two enzymes that act in Pro biosynthesis, the first is pyrroline-5-carboxylate synthetase
(P5CS), which takes glutamate as a substrate and converts into glutamate semialdehyde, which is
transformed to pyrroline-5-carboxylate by spontaneous cyclization, and then the second enzyme,
pyrroline-5-carboxylate reductase (P5CR) converts to Pro [8], however, it has been shown that the
enzyme P5CS is the rate-limiting enzyme and is feedback-inhibited by proline [9]. These processes of
salinity tolerance are carried out principally by halophyte plants [1,10] among which are those of the
genus Suaeda Forssk. ex Scop., which include more than 110 species, usually growing in humid saline or
alkaline zones, and they can be bushes or sub-shrubs, upright or prostrate, annual or perennial. One of the
species of this genus is S. edulis, a plant of 15–110 cm high, halophyte, strictly annual, and distributed in
saline-alkaline soils of the central region of Mexico. Phylogenetic studies with several Suaeda species,
based on molecular markers of the nuclear ribosomal internal transcribed spacer (ITS) and the chloroplast
rpl32-trnL intergenic, confirmed that S. edulis is found only in the central region of Mexico [11–13].

Since halophytes are a good source to study of the genes that conferring salt tolerance to salt-sensitive
plants, then they are suitable for reclamation and remediation of saline soils [10,14]. Therefore, in this work
was implemented an efficient in vitro protocol to S. edulis, to conserve the species, and as material for
expression studies of SAMS, BADH, CMO, and P5CS genes. These genes closely related to salt resistance
were analyzed by qRT-PCR.

2 Material and Methods

2.1 In vitro Propagation
Samples of 10 cm sections of plants were collected from saline-alkaline soil [12] with ECe of 4.2 dS m-1,

pH of 9.2 and corresponding also with a primary type salnity; in according with the most widely accepted
definition (FAO 1997), a saline soil is that has an electrical conductivity of the saturation extract (ECe) of
4 dS m-1. The vegetal material was transferred in coolers to the laboratory, then rinsed twice with sterile
water and washed carefully with benzalkonium chloride 1% (Antibenzil®). The internodal regions with
axillary buds were used as explants for in vitro propagation. These explants were disinfected under axenic
conditions as follows: 10 min in a solution of 20% Tween and 10% Antibenzil®; 30 s in a solution of
50% ethanol; and 10 min in a solution of 0.35% colloidal silver (Mycrodin®), and 1% sodium
hypochlorite, rinsed for 1 min with sterile distilled water between each solution. Once the explants were
disinfected, they placed in glass containers with 20 mL basal medium MS [15]. Ten explants per bottle
were placed with three repetitions each one. The treatments were the following: 1) MS medium, 2) MS at
pH 8.0, 3) MS with CaCl2 0.66 g/L, 4) MS with Benzyladenine (BA) 1 mg/mL at pH 8.0, 5) MS plus
activated charcoal 2 g/L of, and 6) MS plus BA 1 mg/mL. They were incubated at 25°C and in the light
(16 h light/8 h dark). The explants with the best response were established on MS without plant growth
regulators (PGRs) for rooting. The response data of the explants to the different treatments were taken at
15 d and 30 d. Roots and leaves taken from this material were subsequently used to perform the
expression analyses of the genes of interest. The results were compared by variance analysis (ANOVA)
followed by the Tukey test. A value of p < 0.05 was considered significant statistically.
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2.2 DNA Extraction and PCR Amplification
The extraction of DNAwas carried out as was previously described [16]. Specific oligonucleotides were

designed with DNAMAN program [http://www.lynnon.com/dnaman.html] for each of the genes starting
from conserved regions corresponding to Suaeda species and genera of the Chenopodiaceae and
Amaranthaceae family previously reported in the NCBI website [http://www.ncbi.nlm.nih.gov/].

The oligonucleotides used were: fSAMS 5-CATGCACTAAGACTAACATGGTC-3 and rSAMS
5-GATGACGGGCTTGATGACA-3; fBADH 5-TCTCAGGCAGCCTATTGGTGT-3 and rBAHD
5-CACTCTTTGCTGTCGATATGTAC-3; fCMO 5-AGAAGTGAATTCCCCATGGAAT-3 and rCMO
5- TTCTCAATTGGCATCACATATCT-3; fP5CS 5-CAGTTTGGATATGGCGAAGCAGAT-3 and rP5CS
5-GAGCAAAACCCAACCCACGAC-3;

For the gene amplification, GoTaq® Flexi DNA Polymerase (Promega Corp.) commercial kit was used
along with 10 ng of DNA, 0.4 mM of each oligonucleotide and 0.2 mM of each dNTP, in a final volume of
25 μl. The amplification conditions were: initial denaturation at 94°C for 2 min followed by 35 cycles of
94°C for 1 min, 52–58°C for 1 min and 72°C for 1 min, ending with a final extension at 75°C for 5 min.

2.3 Bioinformatic Analysis
The partial sequences of SAMS, BADH, CMO, and P5CS of S. edulis were subjected to a bioinformatics

analysis starting with the search of homologous sequences in the NCBI database using the basic local alignment
search tool (BLAST) algorithm [http: //blast.ncbi.nlm.nih.gov/Blast.cgi]. The deduced amino acid sequences
were obtained by “Translate tool” from ExPASy Proteomics Server (http://www.expasy.ch/). The search for
the conserved domains was done through the NCBI’s Conserved Domain Architecture Retrieval Tool
(CDART) platform [http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi].

The hypothetical structural modeling of the amino acid sequences was carried out through two
programs: 1) CPHModels-3.2 [http://www.cbs.dtu.dk/services/CPHmodels/] to obtain the PDB file and
2) the Chimera 1.8 program [http://www.cgl.ucsf.edu/chimera/] to obtain the three-dimensional model.
Phylogenetic analyses were carried out with MEGA7 software by the Neighbor-Joining method, and the
evolutionary distances were computed using the Dayhoff matrix-based method. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) was
placed next to the branches.

2.4 RNA Extraction and qRT-PCR
Roots and leaves taken from the crater plants and from in vitro plants were frozen and macerated

separately in liquid nitrogen, then the total RNA was extracted using the PureLink® Plant RNA Reagent
kit (Ambion Life Technologies, Carlsbad, CA, USA). The total RNA (1 μg) extracted from each sample
was reverse transcribed to cDNA following the SuperScript™ (Invitrogen, Carlsbad, CA, USA) protocol.
The cDNA concentration was adjusted to 100 ng μl-1 using a Nanodrop Spectrophotometer (Thermo
Scientific).

For real-time quantitative reverse transcriptional PCR (qRT-PCR), primers oligonucleotides were designed from
specific sequences of each gene obtained of S. edulis: fSeSAMS 5-AGGTAAGGAAGAATGGCACTTGT-3 and
rSeSAMS 5 GAGACTGTGACCAACGATCAAAT-3; fSeBADH 5-GCAGAAGCTCTGGACAACAAGC-3 and
rSeBADH 5-AGCTGTACTTAAGCCATCCGAG-3; fSeCMO 5-GCCGAGATGGTGAAGGAAAA-3
and rSeCMO 5-AGCCACCCAAACAACTGATG-3; fSeP5CS 5-GCGTTGGCAGTCATTCTTTT-3 and
rSeP5CS 5-GATGTTCATGCTGCCATTGA-3; To normalize the relative quantification, the β-tubulin
gene was used through the primers: fTub 5-CCTTATTCCATTCCCCAGGCTTC-3 and rTub 5-
GCACAAAGGAGGTTGATGAGCAGATG-3 [17], the obtained sequence in S. edulis was named SeTUB.
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Amplification reactions were carried out in 96-well plates in a StepOne™ Real-Time PCR System
(Applied Biosystems) using SYBR Green PCR Master Mix (Applied Biosystems). Each RT-PCR reaction
contained 10 μl SYBR Green I Master Mix, 100 ng of cDNA and 0.5 pM of forward and reverse primers
in a final volume of 20 μl. The program parameters for amplification were 50°C 2 min, 95°C 10 min,
40 cycles of 95°C for 15 s and 60°C for 1 min. Melting curves were generated by a cycle of 95°C during
15 s, 60°C during 1 min and 95°C during 30 s. The data were analyzed using the Applied Biosystems
StepOne™ Real-Time PCR System Software (Applied Biosystems, Mulgrave, AUS).

2.5 Statistical Analysis
The qRT-PCR was performed with two biological replicas to increase the trustworthy of gene expression

analysis. For each biological replica the samples were evaluated in triplicate. To detect differences in the
relative quantification of each gene, a single factor analysis of variance (ANOVA) was performed. The
significance of the differences between each value obtained was determined by the Tukey test.
Differences with p ≥ 0.05 were considered significant, and all analyses performed with the Minitab v16
software (State College, PA, USA).

3 Results and Discussion

3.1 In vitro Propagation
The explants response in culture medium was different among treatments. For example, in treatment 1,

95% of explants survived but with slow growth and some necrotic leaves (Fig. 1a). In treatment 2, 96% of
the explants showed thickness in the stem with few leaves and in 30 d 100% of the plants were necrotic,
etiolated and died (Fig. 1b). In treatment 3, after 15 d the seedlings showed more growth; however, the
leaves began to etiolate (Fig. 1c) and at 30 d 95% died. In treatment 4, all explants came to have small
leaves but later they were etiolated (Fig. 1d) and 30 d later 97% of them died. In treatments 2 to 4, an
attempt was made to have an in vitro environment with some characteristics of the natural habitat of
the plant as a high pH and high concentration of CaCl2; however, all explants under these conditions
died. At this respect, is known, that most in vitro plants can tolerate pH ranges of 4.2 to 7.2 and that
above pH 8 they die [18].

On the other hand, in treatments 4, 5 and 6 the effect of BAwas analyzed because it is the cytokinin that
has been most used in tissue culture for the proliferation of many plants [19]. In treatments 5 and 6; 5.5 (± 06)
shoots per explant were generated (Figs. 1e and 1f) and after 30 d they were transferred to MS medium
without PGR and greater proliferation of shoots, and root was shown (Figs. 1g and 1h). However, with a
combination of BA and pH 8, the plants died (treatment 4). In treatment 5, which contained activated
charcoal, greater sprouting, and even root generation was observed; regarding this result, that one of the
effects of activated charcoal is the irreversible adsorption of inhibitory compounds in the culture medium
and decreases in the amount of toxic metabolites and phenolic exudation, in addition to releasing natural
substances that promote growth, alteration and darkening of the culture media and absorption of vitamins,
metals, ions and plant growth regulators [20].

As far as the authors know, there are no reports in the literature about S. edulis in vitro propagation.
Therefore, this report presents a simple and rapid protocol for seedling micropropagation, demonstrating
that it is not necessary to combine others PGRs to induce a large number of buds or to use other means
for rooting. S. edulis establishment allowed us to compare the behavior of genes associated with salinity
in plants growing in vitro with plants growing in saline soil.

3.2 Bioinformatics Analysis
GB is present in almost all kingdoms and confers resistance against abiotic stress such as salinity,

drought, and cold. In higher plants, GB is synthesized in two oxidative enzymatic steps of choline,
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catalyzed by CMO and BADH, respectively [4,21]. Generally, the gene studies for GB synthesis begins with
CMO. However, in this work was decided to start with the gene that codes for SAMS, since this enzime
catalyzes the formation of S-adenosyl methionine (SAM) and is a critical molecule for different metabolic
processes such as DNA methylation, ethylene, polyamides, proteins, and lipids synthesis, and also plays a
crucial role in the protection of plants against various abiotic stresses [22,23].

The corresponding sequences for these genes identified in S. edulis were named SeSAMS, SeBADH,
SeCMO, and SeP5CS. Sequence analysis revealed that SeSAMS was 470 bp. It was deduced to encode a
153 amino acids polypeptide and showed a 97% similarity with Suaeda salsa and 91% with Malus
domestica. Besides, SeSAMS sequence contains the central conserved (GAGDQG) SAMS motifs
(Fig. 2a) that are presents in all plant SAMS; the protein sequence of SAMS has three conserved
motifs: 1) the methionine binding GHPDK is at the amino terminus, 2) GAGDQG is at the central
ATP-binding, and 3) is GGGAFSGK, which forms a P-loop for the phosphate-binding region [24].
The evolutionary history of the protein shows an important closeness with SAMS from S. salsa
(Fig. 2b). To predict SeSAMS tertiary structure, we constructed a comparative model of its three-
dimensional structure using Chimera software, which shows the GAGDQG domain and its splice with
4KTT (Fig. 2c).

For SeCMO, was obtained a fragment of 456 bp, and the putative translatable region was 152 amino
acids (Fig. 3a). SeCMO showed 100% similarity to CMO of Suaeda maritima and Suadea liaotungensis
and 88 % to Salicornia europaea. The phylogenetic analyses showed that the deduced amino acids

Figure 1: In vitro propagation of S. edulis process. In all the treatments, MS was used as a basal medium.
(a-f) Seedlings at fifteen days, (a) seedlings in treatment 1; MS medium (b) seedlings in treatment 2; MS pH
8. 0, (c) seedlings in treatment 3; MS pH 8 plus BA 1 mg/ml, (d) seedlings in treatment 4; MS plus CaCl2,
(e) seedlings in treatment 5; MS plus activated carbon, (f) seedlings in treatment 6; MS plus BA 1 mg/ml,
(g) seedlings from treatments 5 and 6 in MS after 30 days, (h) seedling roots in MS medium
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sequence protein was closely with the CMO of S. liaotungensis, although it also showed evolutionary
closeness to S. maritima (Fig. 3b). SeCMO has conserved putative motif (G/DX3-4DX2HX4-5 H) for the
coordination of mononuclear non-heme Fe. Multiple alignments of several CMO and CMO-like proteins
present two conserved motifs, 1) for the coordination of the Rieske-type [2Fe-2S] cluster CXHX15-17
CXH El, and 2) for the coordination of mononuclear non-heme Fe, G/DXDX2HX4-52 H [25]. The
comparative model constructed to predict the three-dimensional structure of SeCMO and its splice with
chain A from oxidoreductase IWQL are shown in Fig. 3c, highlighting the CESVQKGLE conserved
region located in the ring hydroxylating alpha subunit (catalytic domain).

For SeBADH we obtained a fragment of 252 bp, and the translatable region is 84 amino acids and
contains part of the aldehyde dehydrogenase (ALDH) domain, characteristic of the ALDH superfamily
(Fig. 4a). The sequence showed a 91% similarity with BADH of Suaeda glauca and S. liaotungensis and
77% with Spinacia oloracea. Its evolutionary history indicated that SeBADH is a unique subgroup with
the BADH of S. liaotungensis, although it also showed closeness with that of S. glauca (Fig. 4b). The

Figure 2: Alignment, evolutionary history, and hypothetical structural modeling of SeSAMS. (a), SeSAMS
with SAMS from Annona cherimolaABC24692.1,Cajanus cajanAEY85025.1,Glycine sojaKHN28175.1,
Macleaya cordata OVA13537.1, Malus domestica BAI66450.1, Panax ginseng ACD92982.1, Pisum
sativum AAA58772.1, Robinia pseudoacacia AIT39705.1 Sonneratia alba AGJ71754.1 and Suaeda
salsa AAG42490.1; the amino acid residues conserved in all sequences are shown by asterisks, and
conservative substitutions are shown by dots (residues that are associated with the putative ATP-binding
site are shown by a box). (b), Evolutionary relationships of SeSAMS with taxa, inferred using the
Neighbor-Joining method with MEGA7. The optimal tree with the sum of branch length = 0.25799755 is
shown. (c), ProB domine in SeSAMS and its splice with chain B from transferase 4KTT
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three-dimensional tertiary structure of SeBADH and its splicing with chain c from betaine aldehyde
dehydrogenase 5A2D show the ALDH domain (Fig. 4c). Regarding the SeBADH fragment, its sequence
was very short, and although it does not include the VTLELGGKSP decapeptide characteristic of these
enzymes, it does have the highly conserved ALDH domain in this type of enzymes, and its evolutionary
history grouped it in a clade that includes the BADH of S. liaotungensis (Fig. 4b).

The Δ1-pyrroline-5-carboxylate synthetase (P5CS) and pyrroline-5-carboxylate reductase (P5CR)
enzymes are involved in the glutamate pathway to produce proline, and studies have shown that this
route is active when plants are under different types of environmental stress [8,9].

For SeP5CS, was obtained a fragment of 786 nucleotides, and encoding to predicted 262 amino acids
polypeptide. SeP5CS showed a 69% similarity to the P5CS of Suaeda salsa and 61% to Beta vulgaris.
The P5CS enzymes contain a glutamate 5-kinase (γ-GK) region corresponding to proB and followed by a
gamma-glutamyl phosphate reductase (γ-PR) region corresponding to proA. SeP5CS only shows a part of

Figure 3: Alignment, evolutionary history, and hypothetical structural modeling of SeCMO. (a), SeCMO
with CMO from Atriplex canescens AFG28558.1, Bassia scoparia AAQ92313.1, Beta vulgaris
BAE07177.2, Haloxylon ammodendron ACX47904.1, Ophiopogon japonicus ABG34274.1, Salicornia
bigelovii AJF98574.1, Spinacia oleracea ABN43460.1, Suaeda liaotungensis AAM43920.1 and Suaeda
maritima AFW04225.1; the amino acid residues conserved in all sequences are shown by asterisks, and
conservative substitutions are shown by dots. The putative consensus sequence for the coordination of
mononuclear non-heme Fe (G/DX3–4DX2HX4–5 H) is shown by a box. (b), Evolutionary relationships
of SeCMO with taxa, inferred using the Neighbor-Joining method with MEGA7. The optimal tree with
the sum of branch length = 0.54709925 is shown. (c), SeCMO and its splice with chain A from IWQL
oxidoreductase; both of them show the CESVQKGLE conserved region located in the ring hydroxylating
alpha subunit (catalytic domain)
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the glutamate 5-kinase domain (PLN02418), representative of delta-1-pyrroline-5-carboxylate synthase
(Fig. 5a). The phylogenetic tree shows SeP5CS sub-grouped only with the P5CS from S. salsa (Fig. 5b).
The three-dimensional comparative model of SeP5CS and its splice with the P5CS template 2H5G also
show conserved amino acids (Fig. 5c)

3.3 Expression Analysis
In some studies, with Suaeda sp., the gene expression associated with saline stress is analyzed only in

germinated seeds or plants grown in the laboratory stimulated with different concentrations of NaCl [26].
However, no study has shown gene expression in their natural habitat. In this study, was analyzed the
expression of the SeSAMS, SeCMO, SeBADH and SeP5CS genes in different organs of S. edulis grown in
its natural habitat (crater), since the soil has a pH 9.2 and a high concentration of sodium and salts, and
compare it with that of seedlings grown in vitro (pH 5.7).

The real-time expression results showed that in leaves from crater plants, the expression levels of
SeSAMS, SeBADH, and SeCMO are higher than in vitro plants (Fig. 6). Similar results were found for
BADH and SAMS from Suaeda salsa [5] and Suaeda aegyptiaca [27], and CMO with Solanum
lycopersicum [28] suggesting that GB could be synthesized mainly in the foliage and that SAMS
transcription levels which are co-regulated with those of BADH and CMO. It has been observed that
BADH high expression is associated with an increase in enzyme activity in response to salinity. Also, it
has been observed that, in the genus Suaeda treated with NaCl, there is overexpression of genes involved

Figure 4: Alignment, evolutionary history, and hypothetical structural modeling of SeBADH. (a), SeBADH
alignment with BADH from Atriplex amnicola AHH24263, Brassica juncea AEX55691.1, Halostachys
caspica ABO45931.1, Haloxylon persicum AEW31327.1, Salsola aucheri AWK59869.1, Spinacia
oleracea AAN52929.1, Suaeda glauca AHB08884.1 and Suaeda liaotungensis AAL33906.1; the amino
acid residues conserved in all sequences are shown by asterisks, and conservative substitutions are shown
by dots. (b), Evolutionary relationships of SeBADH with taxa, inferred using the Neighbor-Joining
method with MEGA7. The optimal tree with the sum of branch length = 0.85537383 is shown. (c),
ALDH-SF domine in SeBADH and its splice with chain c from 5A2D BADH

722 Phyton, 2020, vol.89, no.3



in GB synthesis; for example, was found CMO overexpression in the shoot from S. salsa with NaCl 400 mM
[5]. Similarly, Kuttan et al. [29] working with S. maritima seedlings treated with NaCl 200 mM observed
SAMS overexpression concluding that GB accumulation is a response to salinity. These authors explain
that CMO overexpression under saline conditions is essential in this plant for GB high accumulation in
the tissue due to they noted that BADH expression is much lower than that CMO expression; however in
this work, there was not a significate difference between both of them.

In addition to GB, another important osmoprotectant is Pro, and it is known that P5CS is the limiting
enzyme in its synthesis [8,9]. In this study, SeP5CS expression levels were significantly higher in the
roots and leaves from crater than in vitro plants (Fig. 6). Wei et al. also detected P5CS overexpression in
roots and leaves from Lilium regale stimulated with 250 mM NaCl, and observed Pro accumulation, grew
better in root and salinity tolerance [30]. It has also been suggested that synthesis of Pro in roots seems to
be an essential parameter to halophytes differentiation, since its production in salinity tolerant plants starts
with ionic stress. Under these conditions, the Pro concentrations reach higher levels than in susceptible
plants [1,3,8].

Figure 5: Alignment, evolutionary history, and hypothetical structural modeling of SeP5CS. (a), SeP5CS
with P5CS from Beta vulgaris AQZ26218.1, Calophyllum brasiliense AHN15384.1, Glycine max
CAG29643.1, Manihot esculenta ANU05021.1, Salicornia bigelovii AGN48983.1 and Suaeda salsa
AAM28630.1; the amino acid residues conserved in all sequences are shown by asterisks, and
conservative substitutions are shown by dots. The putative Leu domain is shown by a box. (b),
Evolutionary relationships of SeP5CS with taxa, inferred using the Neighbor-Joining method with
MEGA7. The optimal tree with the sum of branch length = 0.25799755 is shown. (c), ProB regions in
SeP5CS and its splice with P5CS, 2H5G mold
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4 Conclusion

The internodal regions with axillary buds were good material for the propagation for S. edulis. The use
of activated charcoal after micropropagation improved the growth and development of the seedling without
the need to use growth regulators. Gene expression by qRT-PCR analysis revealed higher expression of
SeBADH, SeCMO, and, SeP5CS genes in the roots and leaves from plants collected in the field as well as
from in vitro plants. However, the expression level of SeSAMS was higher only in the leaves of plants
collected in the field when compared to those cultivated in vitro.

Funding Statement: This research was financially supported by Universidad Autónoma de Aguascalientes
(PIBT18-1) and Consejo Nacional de Ciencia y Tecnología (174795).

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Flowers, T. J., Colmer, T. D. (2008). Salinity tolerance in halophytes. New Phytologist, 179(4), 945–963. DOI

10.1111/j.1469-8137.2008.02531.x.

2. Rozentsvet, O. A., Nesterov, V. N., Bogdanova, E. S. (2017). Structural, physiological, and biochemical aspects of
salinity tolerance of halophytes. Russian Journal of Plant Physiology, 64(5), 464–477. DOI 10.1134/
S1021443717040112.

3. Liang, W., Ma, X., Wan, P., Liu, L. (2018). Plant salt-tolerance mechanism: a review. Biochemical and Biophysical
Research Communications, 495(1), 286–291. DOI 10.1016/j.bbrc.2017.11.043.

4. Sahu, B. B., Shaw, B. P. (2009). Isolation identification and expression analysis of salt-induced genes in Suaeda
maritima a natural halophyte using PCR-based suppression subtractive hybridization. BMC Plant Biology, 9(1),
69. DOI 10.1186/1471-2229-9-69.

Figure 6: Quantitative RT-PCR of SeSAMS, SeBADH, SeCMO, SeP5CS, and SeVP in S. edulis. Black bars
indicate the response of roots and leaves from in vitro culture plants, and gray bars show the response of roots
and leaves from the field plants. SeSAMS showed expression higher in the leaves of plants from field; the
expression difference between roots was not statistically significant. SeBADH, SeCMO, and SeP5CS
showed higher expression in roots and leaves from field plants

724 Phyton, 2020, vol.89, no.3

http://dx.doi.org/10.1111/j.1469-8137.2008.02531.x
http://dx.doi.org/10.1134/S1021443717040112
http://dx.doi.org/10.1134/S1021443717040112
http://dx.doi.org/10.1016/j.bbrc.2017.11.043
http://dx.doi.org/10.1186/1471-2229-9-69


5. Zhang, L., Ma, X. L., Zhang, Q., Ma, C. L., Wang, P. P. et al. (2001). Expressed sequence tags from a NaCl-treated
Suaeda salsa cDNA library. Gene, 267(2), 193–200. DOI 10.1016/S0378-1119(01)00403-6.

6. Diray-Arce, J., Clement, M., Gul, B., Khan, M. A., Nielsen, B. L. (2015). Transcriptome assembly, profiling and
differential gene expression analysis of the halophyte Suaeda fruticosa provides insights into salt tolerance. BMC
Genomics, 16(1), 353. DOI 10.1186/s12864-015-1553-x.

7. Jin, H., Dong, D., Yang, Q., Zhu, D. (2016). Salt-responsive transcriptome profiling of Suaeda glauca via RNA
sequencing. PLoS One, 11(3), e0150504. DOI 10.1371/journal.pone.0150504.

8. Delauney, A. J., Verma, D. P. S. (1993). Proline biosynthesis and osmoregulation in plants. Plant Journal, 4(2),
215–223. DOI 10.1046/j.1365-313X.1993.04020215.x.

9. Zhang, C. S., Lu, Q., Verma, D. P. S. (1995). Removal of feedback inhibition of Δ1-pyrroline-5-carboxylate
synthetase a bifunctional enzyme catalyzing the first two steps of proline biosynthesis in plants. Journal of
Biological Chemistry, 270(35), 20491–20496. DOI 10.1074/jbc.270.35.20491.

10. Hameed, A., Khan, M. A. (2011). Halophytes: biology and economic potentials. Karachi University Journal of
Sciences, 39, 40–44.

11. Rzedowski, G. D., Rzedowski, J. (2005). Flora fanerogámica del Valle de México. 1a reimp. Instituto de Ecología,
AC y Comisión Nacional para el Conocimiento y Usos de la Biodiversidad. Pátzcuaro (Michoacán), 1406.

12. Noguez, H. R., Carballo, C. A., Flores, O. H. (2013). Suaeda edulis (chenopodiaceae) una nueva especie de lagos
salinos del centro de México. Botanical Sciences, 91(1), 19–25. DOI 10.17129/botsci.400.

13. Brandt, R., Lomonosova, M., Weising, K., Wagner, N., Freitag, H. (2015). Phylogeny and biogeography of Suaeda
subg Brezia (Chenopodiaceae/Amaranthaceae) in the Americas. Plant Systematics and Evolution, 301(10), 2351–
2375. DOI 10.1007/s00606-015-1233-y.

14. Song, J., Wang, B. (2015). Using euhalophytes to understand salt tolerance and to develop saline agriculture:
Suaeda salsa as a promising model. Annals of Botany, 115(3), 541–553. DOI 10.1093/aob/mcu194.

15. Murashige, T., Skoog, F. (1962). A revised medium for rapid growth and bio assays with tobacco tissue cultures.
Physiologia Plantarum, 15(3), 473–497. DOI 10.1111/j.1399-3054.1962.tb08052.x.

16. Gurudeeban, S., Ramanathan, T., Satyavani, K., Dhinesh, T. (2011). Standardization of DNA isolation and PCR
protocol for RAPD analysis of Suaeda sp. Asian Journal of Biotechnology, 3(5), 486–492. DOI 10.3923/
ajbkr.2011.486.492.

17. Cao, J., Wang, L., Lan, H. (2016). Validation of reference genes for quantitative RT-PCR normalization in Suaeda
aralocaspica an annual halophyte with heteromorphism and C4 pathway without Kranz anatomy. PeerJ, 4, e1697.
DOI 10.7717/peerj.1697.

18. Thorpe, T., Stasolla, C., Yeung, E. C., de Klerk, G. J., Roberts, A. et al. (2008). The components of plant tissue
culture media II: organic additions, osmotic and pH effects, and support systems. George, E. F., Hall, M. A., de, J.
(Eds.). Plant Propagation by Tissue Culture. pp. 115–173. Dordrecht: Springer.

19. Aldahhak, O., Salim, Z., Teixeira da Silva, J. A., Abdul-Kader, A. M. (2010). In vitro approach to the
multiplication of a halophyte species forage shrub Atriplex halimus L. and in vitro selection for salt tolerance.
International Journal of Plant Developmental Biology, 4(1), 8–14.

20. Thomas, T. D. (2008). The role of activated charcoal in plant tissue culture. Biotechnology Advances, 26(6), 618–
631. DOI 10.1016/j.biotechadv.2008.08.003.

21. Yu, J., Li, Y., Tang, W., Liu, J., Lu, B. R. et al. (2014). The accumulation of glycine betaine is dependent on choline
monooxygenase (OsCMO), not on phosphoethanolamine N-Methyltransferase (OsPEAMT1) in rice (Oryza sativa
L. ssp. japonica). Plant Molecular Biology Reporter, 32(4), 916–922. DOI 10.1007/s11105-014-0703-7.

22. Lim, C. C., Liu, J. Z., Pua, E. C. (2002). Characterization of S-adenosylmethionine synthetase genes and its
expression is associated with ethylene synthesis in mustard (Brassica juncea). Physiologia Plantarum, 116(4),
522–530. DOI 10.1034/j.1399-3054.2002.1160411.x.

23. Pulla, R. K., Kim, Y. J., Parvin, S., Shim, J. S., Lee, J. H. et al. (2009). Isolation of S-adenosyl-L-methionine
synthetase gene from Panax ginseng C. A. meyer and analysis of its response to abiotic stresses. Physiology
and Molecular Biology of Plants, 15(3), 267–275. DOI 10.1007/s12298-009-0030-x.

Phyton, 2020, vol.89, no.3 725

http://dx.doi.org/10.1016/S0378-1119(01)00403-6
http://dx.doi.org/10.1186/s12864-015-1553-x
http://dx.doi.org/10.1371/journal.pone.0150504
http://dx.doi.org/10.1046/j.1365-313X.1993.04020215.x
http://dx.doi.org/10.1074/jbc.270.35.20491
http://dx.doi.org/10.17129/botsci.400
http://dx.doi.org/10.1007/s00606-015-1233-y
http://dx.doi.org/10.1093/aob/mcu194
http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://dx.doi.org/10.3923/ajbkr.2011.486.492
http://dx.doi.org/10.3923/ajbkr.2011.486.492
http://dx.doi.org/10.7717/peerj.1697
http://dx.doi.org/10.1016/j.biotechadv.2008.08.003
http://dx.doi.org/10.1007/s11105-014-0703-7
http://dx.doi.org/10.1034/j.1399-3054.2002.1160411.x
http://dx.doi.org/10.1007/s12298-009-0030-x


24. Li, X. D., Xia, B., Wang, R., Xu, S., Jiang, Y. M. et al. (2013). Molecular cloning and characterization of S-
adenosylmethionine synthetase gene from Lycoris radiata. Molecular Biology Reports, 40(2), 1255–1263. DOI
10.1007/s11033-012-2168-9.

25. Takashi, H., Rungaroon, W., Etsuko, A., Hiroshi, I., Kenji, A. et al. (2002). Functional characterization of choline
monooxygenase, an enzyme for betaine synthesis in plants. Journal of Biological Chemistry, 277(44), 41352–
41360. DOI 10.1074/jbc.M205965200.

26. Redondo-Gómez, S., Mateos-Naranjo, E., Cambrollé, J., Luque, T., Figueroa, M. E. et al. (1998). Carry-over of
differential salt tolerance in plants grown from dimorphic seeds of Suaeda splendens. Annals of Botany, 102(1),
103–112.

27. Askari, H., Edqvist, J., Hajheidari, M., Kafi, M., Salekdeh, G. H. (2006). Effects of salinity levels on proteome of
Suaeda aegyptiaca leaves. Proteomics, 6(8), 2542–2554. DOI 10.1002/pmic.200500328.

28. Wang, J. Y., Tong, S. M., Li, Q. L. (2013). Constitutive and salt-inducible expression of SlBADH gene in
transgenic tomato (Solanum lycopersicum L. cv Micro-Tom) enhances salt tolerance. Biochemical and
Biophysical Research Communications, 432(2), 262–267. DOI 10.1016/j.bbrc.2013.02.001.

29. Kuttan, S., Sankararamasubramanian, H. M., Parida, A. K. (2018). Choline monooxygenase transcript expression
triggers glycine betaine accumulation in Suaeda maritima when subjected to a salt concentration optimal for its
growth. bioRxiv, 314419.

30. Wei, C., Cui, Q., Zhang, X. Q., Zhao, Y. Q., Jia, G. X. (2016). Three P5CS genes including a novel one from Lilium
regale play distinct roles in osmotic, drought and salt stress tolerance. Journal of Plant Biology, 59(5), 456–466.
DOI 10.1007/s12374-016-0189-y.

726 Phyton, 2020, vol.89, no.3

http://dx.doi.org/10.1007/s11033-012-2168-9
http://dx.doi.org/10.1074/jbc.M205965200
http://dx.doi.org/10.1002/pmic.200500328
http://dx.doi.org/10.1016/j.bbrc.2013.02.001
http://dx.doi.org/10.1007/s12374-016-0189-y

	In Vitro Propagation, Isolation and Expression Studies of Suaeda edulis Genes Involved in the Osmoprotectants Biosynthesis
	Introduction
	Material and Methods
	Results and Discussion
	Conclusion
	References


