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ABSTRACT

Cultivating salt-tolerant crops is a feasible way to effectively utilize saline-alkali land and solve the problem of
underutilization of saline soils. Quinoa, a protein-comprehensive cereal in the plant kingdom, is an exceptional
crop in terms of salt stress tolerance level. It seems an excellent model for the exploration of salt-tolerance
mechanisms and cultivation of salt-tolerant germplasms. In this study, the seeds and seedlings of the quinoa cul-
tivar Shelly were treated with different concentrations of NaCl solution. The physiological, biochemical charac-
teristics and agronomic traits were investigated, and the response patterns of three salt stress-responsive genes
(SSRGs) in quinoa were determined by real-time PCR. The optimum level of stress tolerance of quinoa cultivar
Shelly was found in the range of 250-350 mM concentration of NaCl. Salt stress significantly induced expression
of superoxide dismutase (SOD), peroxidase (POD), and particularly betaine aldehyde dehydrogenase (BADH).
BADH was discovered to be more sensitive to salt stress and played an important role in the salt stress tolerance
of quinoa seedlings, particularly at high NaCl concentrations, as it displayed upregulation until 24 h under
100 mM salt treatment. Moreover, it showed upregulation until 12 h under 250 mM salt stress. Taken together,
these results suggest that BADH played an essential role in the salt-tolerance mechanism of quinoa. Based on the
expression level and prompt response induced by NaCl, we suggest that the BADH can be considered as a mole-
cular marker for screening salt-tolerant quinoa germplasm at the early stages of crop development. Salt treatment
at different plant ontogeny or at different concentrations had a significant impact on quinoa growth. Therefore,
an appropriate treatment approach needs to be chosen rationally in the process of screening salt-tolerant quinoa
germplasm, which is useful to the utilization of saline soils. Our study provides a fundamental information to
deepen knowledge of the salt tolerance mechanism of quinoa for the development of salt-tolerant germplasm
in crop breeding programs.
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1 Introduction

Soil salinity is one of the most influential environmental factors limiting plant germination, growth, and
development. Excessive salt forces plant roots to absorb large amounts of sodium (Na") and chlorine (C1"),
thus interfering with potassium (K ") balance, cellular activity, metabolism, and photosynthesis, which leads
to the accumulation of reactive oxygen species (ROS), osmotic stress and ionic toxicity [1]. Hyperionic and
hyperosmotic stress disturbs the whole metabolic activities, limiting crop plant productivity [2]. Soil
salinization is a serious problem that is causing crop yields to plummet and causing other problems [3].
Cultivating salt-tolerant crops, in addition to improving soil composition and structure, is a viable
strategy to successfully utilize saline-alkali land and alleviate the problem of saline soil underutilization.

Chenopodium quinoa L., a protein-comprehensive cereal in the plant kingdom, can provide balanced
nutrition for the human body, with a high protein content of 13%-23%, coupled with nine essential
amino acids and minerals, such as calcium, iron, zinc, copper, manganese, and magnesium. Unsaturated
fatty acids, flavonoids, vitamin B, E, and other beneficial ingredients make it a good adjuvant therapy for
the high-risk population (hypertension, hyperlipidemia, hyperglycemia and diabetes mellitus) and post-
disease rehabilitation. Furthermore, quinoa is regarded as one of the most promising crops for the future.
Its resilience to biotic and abiotic challenges has earned it a prominent place in sustainable food
production on marginal soils [4]. The salt-tolerant nature of quinoa provides an excellent research model
for exploring salt tolerance mechanisms and the cultivation of salt-tolerant germplasms.

Shreds of evidence from previous reports have supported that superoxide dismutase (SOD), peroxidase
(POD), and betaine aldehyde dehydrogenase (BADH) are core enzymatic antioxidants involved in different
natural stress resistance mechanisms of plants. SOD plays a key role in protection against oxidative stress by
scavenging superoxide radicals conversion into oxygen and hydrogen peroxide that is removed by POD and
catalase in cells [5]. Concurrently, high expression of BADH promotes the accumulation of Glycine betaine
(GB) in cells and improves plants’ tolerance to environmental stress [6—9]. These crucial enzymes effectively
function in many plants, such as rice, cotton, poplar, and so on [10—13]. Several studies have paid close
attention to the variation of seed germination and stress tolerance components under salt stress in quinoa
crops. Experiments on seed germination and seedling growth revealed that salt stress had a significant
effect on quinoa seeds and seedlings. Different sodium salts have a varying effect on germination and
seedling growth [14]. The salt tolerance varied significantly in different cultivars, of which “Qinli 1” was
well-tolerant to sodium salt solution of 300 mM, while “Gongzha 5” was only against 100 mM [15].
Overall, NaCl solution of 500 mM resulted in a lethal dose (LD) of seed and seedling of quinoa [15-17].
According to research on stress-tolerance components, such as antioxidant enzymes and Osmo-regulators,
quinoa can adjust its soluble sugar and proline content, as well as the activities of SOD, POD, (catalase)
CAT, and ascorbate peroxidase (APX), and decrease its Malondialdehyde (MDA) content, to adapt to the
salt-stressed environment [17]. In general, a cultivar with higher stress-resistant components and a lower
MDA content indicates an excellent ability to predict a plant’s salt stress tolerance. Yuan et al. [18]
assessed the effects of different NaCl concentrations on quinoa seed germination and seedling growth.
They evaluated the salt tolerance of three cultivars according to their performances of MDA, SOD, and
POD linked with growth attributes [18]. The salt tolerance of “Longli 17, the first domestically bred
quinoa cultivar in China, was identified based on the response of chlorophyll II, soluble sugar, proline,
MDA, and the activities of antioxidant enzymes to NaCl stress, which concluded that its salt threshold
was 200-300 mmol/L. A quinoa BADH complete gene (CqBADH1) was first cloned and sequenced by
Jiang et al. [19], who found that CqBADH1 was expressed only in root and depicted time-dependent
expression profiles under NaCl-stress conditions. NaCl stress leads to increased levels of CqBADHI,
accompanied by the accumulation of GB [19].
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To date, few studies related to the molecular expression profile of quinoa are available; therefore, in this
paper, we focused on the response patterns of three salt stress responsive genes (SSRGs) viz. (SOD, POD,
and BADH) under NaCl stress as well as the physiological and biochemical characteristics in quinoa.

2 Materials and Methods

2.1 Plant Materials

The quinoa variety Shelly (Shelly 23 Black) was originated from South America. The quinoa seedlings
were grown in the growth chamber (Saifu, China) under a 16/8 h light/dark photoperiod at 25°C temperature.
Seedlings were treated with NaCl concentrations (100, 150, 250, 350, and 450 mM) for 15 days after sowing.
Another treatment was the 15th-day seedlings (non-NaCl-stressed) were shocked with NaCl solution
(100 and 250 mM) for 1 to 24 h, respectively.

2.2 Identification of Physiological Indices

Germination energy (GE) was the proportion of the germinated seeds in four days to total seeds.
Germination percentage (GP) was computed as the proportion of the germinated seeds in fifteen days to
total number of seeds. Germination index (GI) was determined using the formula [>(Gt/Dt)] where Gt
refers to the number of germinated seeds every day, and Dt refers to the number of days to germination.
Vigour index (VI) was determined by the formula (GI X% seedling fresh weight). Ten seedlings were
randomly selected to measure each replication’s plant height and fresh weight. All data are expressed as
mean * standard deviation. R software package ggplot2 was used to draw the figures, and a linear model
was used to draw the shaded area to depict 95% confidence interval (CI).

2.3 Estimation of the MDA Content
On the fifteenth day after germination, the malondialdehyde (MDA) levels of leaf tissues were measured
to estimate the extent of lipid peroxidation, in compliance with the report of Heath et al. [20]. R software

package ggplot2 was used to draw the figure, and a linear model was used to draw the shaded area to
depict 95% CI.

2.4 Activity Assay of SOD, POD, and BADH

SOD activity was assayed following the method of Giannopotitis et al. [21]. POD activity was assayed
by measuring absorption change at 470 nm based on a previous description [22]. The BADH activity was
tested by an ultraviolet spectrophotometer at 340 mm, as described by Guo et al. [23].

2.5 Quantitative Real-Time PCR (qPCR)

Total RNA was isolated from the root and leaf of 15-day old seedlings using TRIZOL reagent
(Invitrogen, America) and then treated with Recombinant DNase I (TaKaRa, Japan) to remove the
residual DNA. cDNA was synthesized by reverse transcriptase M-MLV (TaKaRa, Japan) according to the
manufacturer’s instructions. The SuperReal Premix Plux with SYBR Green I (TIANGEN, China) was
used for qPCR with expression primers. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
was amplified as an internal control [24]. qPCR amplification was in 20 pL reactions containing cDNA
50 ng, 10 uL IQ SYBR Green Super-mix, and 0.4 uM primer. The qPCR was performed with CFX
connect Real-Time PCR System (Bio-Rad, America) under the following conditions: 94°C for 5 min,
followed by 40 cycles of 94°C for 10 s, 57°C-60°C for 20 s, 72°C for 30 s and plate read, melt curve
65°C to 95°C with increment 0.5°C for 10 s and plate read. The Ct (cycle threshold) value was used as a
measure for the starting copy numbers of the target gene. The relative expression level of each gene was
standardized to the expression level of the GAPDH, calculated by the formula Y = 10 — (ACt/3) (ACt is
the differences of Ct between the target gene and the control GAPDH products; ACt = Ct Target
Gene—Ct GAPDH) [25]. Primers list have been given in the Table 1 below.
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Table 1: Primers used in this study

Sequence (5'—3") Application
CQW-F1 CTGAAGAAATCATCGGTGATATTC BADH cDNA fragments amplification
CQW-R3 TCAAGGAGACTTGTACCATC BADH cDNA fragments amplification
SOD-F AACCACTCAATTTTCTGGAAGA SOD cDNA fragments amplification
SOD-R AGTATGCATGCTCCCAAACATC SOD cDNA fragments amplification
POD-F3 GGATGTGATGCATCAGTACTAGTAG POD cDNA fragments amplification
POD-R3 GACAACAGCATCTCTAGCAGC POD cDNA fragments amplification
1015-F GCATTTGAAGAAAGGGTA BADH quantitative PCR
CQW-R2 CACTACGCTTGACTCCTCCC BADH quantitative PCR
SOD-F2 TGATTTGGAGTGGTTTCAAC SOD quantitative PCR
SOD-R2 CAATTAGTCAAGGAGGTGGT SOD quantitative PCR
POD-F4 GATTCAACTCCAGGAAACACA POD quantitative PCR
POD-R4 CAGCATCTCTAGCAGCATAGG POD quantitative PCR
GAPDHF GGTTACAGTCATTCAGACACCATCA GAPDH quantitative PCR
GAPDHR AACAAAGGGAGCCAAGCAGTT GAPDH quantitative PCR

Note: *GAPDH gene was used for internal control.

2.6 Bioinformatics and Statistical Analyses

Sequences were retrieved from GenBank databases (http://ncbi.nlm.nih.gov) using the BLASTN
program. Multiple sequence alignments were performed by MEGA version 4.0 [26], and significance
analysis was conducted by the Kruskal-Wallis test with a 95% confidence interval using IBM SPSS
version 19.0 program. Differences were considered significant, that labelled by different lowercase letters
when the p-value was less than 0.05. All experiments were repeated three times.

3 Results

3.1 Identification of Salt Tolerance

Quinoa Seedlings were treated with five concentrations of NaCl solutions (100, 150, 250, 350, and
450 mM, the 0 mM as control) to assess the salt tolerance of quinoa. Then six indices, fresh weight,
germination energy (GE), germination index (GI), germination percentage (GP), plant height, vigour
index (VI), were measured. What can be clearly seen in (Fig. 1a) is that the fresh weight of seedlings was
significantly higher than the control group (0 mM) at all treatment points except at 450 mM salt stress. It
is evident from the (Fig. 1b) that GE remained unchanged at 100 and 150 mM stress treatment, however
significant difference was found at 250, 350 and 450 mM stress treatments as compared to the control
group. A continuously declining trend was observed at almost all treatments levels of NaCl stress for GI
as compared to the control (Fig. 1c). There were no significant differences of GP at 0 mM, 100 and
150 mM salt stress levels however 250, 350 and 450 mM stress levels significantly decreased the GP as
compared to the control group. These results depict that germination level of Shelly black quinoa cultivar
can tolerate 350 mM salt stress, however 450 mM salt stress can reduce germination up to 40%. Plant
height and VI are non-significantly affected until 350 and 250 mM salt stress as compared to the control
group however higher concentrations significantly reduced both the parameters as compared to Ck
(Figs. 1d and 1e).
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Figure 1: Quinoa physiological index of seed germination and seedling growth under different NaCl-
concentration conditions. The grey shaded area shows 95% confidence interval, blue line is the trend line
that shows overall decreasing trend of the parameters; black curved line shows the values of parameters
at specific concentrations of NaCl (a) fresh weight (g), (b) GE represented germination energy, (¢) GI
represented germination index, (d) GP represented germination percentage, (e) plant height (cm), (f) VI
represented vigour index. Different letters within each curved line represent statistically significant
differences (p < 0.05)

What stands out in these figures at 350 and 450 mM NacCl, the GI, VI, GE, and GP of quinoa were
significantly lower than that of the control group, which showed that seedlings could not manage higher
salt concentrations. In compliance with the data, the salt tolerance threshold of the quinoa Shelly was
found to be 250-350 mM.

3.2 MDA Content in Leaf

MDA content indicates the extent of oxidative stress and lipid peroxidation in the cell membrane [27].
What is striking in this (Fig. 2) is the continued increase in MDA content with the increase of salt
concentration, which indicates that lipid peroxidation is triggered at the very onset of salt stress. But the
increase starts at 150 mM because there is no increase in MDA content between 0 and 150 mM. The
MDA content in the leaf increased gradually as the NaCl concentration increased (Fig. 2). At 250, 350,
and 450 mM NaCl, the MDA content was significantly higher than that of the control (Fig. 2), indicating
the occurrence of oxidative stress induced by NaCl stress.
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Figure 2: The MDA contents of quinoa under salt stress with different NaCl concentrations. The grey line
with symbols shows a gradual increase in MDA content. Equalletters on symbols indicate that there are no
significant differences among them. Different letters on symbols show the presence of significant differences
among them at p < 0.05

3.3 Enzymes Activities of SOD, POD, and BADH

The BADH activity boosted to the maximum at 38.8 nmolg 'min ' at 350 mM NaCl, which was
significantly higher than that of the control (7.6 nmolg 'min"') (Fig. 3a). Interestingly, compared with
SOD and POD, the activity of BADH, despite declining, still maintained a high level
(27.3 nmolg 'min"") at 450 mM NaCl. The variation trend of POD activity (Fig. 3b) was similar to that
of SOD. When the NaCl concentration reached 250 mM, the POD activity rose to the highest level of
96.2 ug ' FWmin ', and there was a significant difference between the POD value at 250 mM and the
control (Fig. 3b). The SOD activity increased to 129.3 pg ' FWmin ' at 100 mM NaCl and peaked at
154.9 ug”' FW min ' at 250 mM NaCl. The SOD activity at 250 mM NaCl was significantly higher than
that of the control (125.8 pg™' FWmin ') (Fig. 3c). However, the activities of POD and SOD fell to the
lowest value at 450 mM (Figs. 3b and 3c).

3.4 Expression Patterns of SOD, POD, and BADH Genes

Analysis of gene expression profile can help reveal possible functions of genes in different tissues and
conditions of the plant. To explore the potential function of SOD, POD, and BADH in quinoa, the tissue-
specific expression profiles were analyzed in quinoa roots and leaves under different NaCl concentrations
(0, 100 and 250 mM). The expression levels of BADH and SOD genes in roots were much higher than
those in leaves, and their expression significantly increased in NaCl-stressed roots at different
concentrations as compared to control (0 mM). In contrast, POD gene expression only increased in
leaves, that depicts high lipids peroxidation in leaves than roots (Fig. 4b), proving that roots are the
primary plant tissues that respond to the salt stress and maintain their osmolytes concentrations.
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Moreover, the genes showed temporal differential expression levels in the plants exposed to different levels
of NaCl-stress at 0, 1, 2, 6, 12, and 24 h. The expression levels of BADH and POD genes increased from 6 to
24 h treatment, while the expression of SOD gene has upregulated at 6h under 100 mM NaCl solution
(Fig. 5a). When the salt concentration reached 250 mM, the expression level of BADH gene reached the
maximum at 12 h from the steady initiation and then started a gradual decrease with a dramatic fall at
24 h (Fig. 5b). However, it did not seem to be a clear difference between SOD and POD (Fig. 5b). Taken
together, the expression results implied that BADH, SOD, and POD genes participated in the progressive
tolerance to NaCl stress in quinoa, of which the BADH gene was more responsive to salt stress signalling
and played a crucial role, especially under high NaCl concentrations.
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Figure 3: The BADH, POD and SOD activities (response) in quinoa under salt treatments with different
NaCl concentrations. (a) BADH activity, (b) POD activity, (c) SOD activity. The thick blue line shows an
overall trend for any trait by the linear model, and the grey shaded area shows 95% confidence interval
CI. Symbols with the same letter are not significantly different and those with different letters are
significantly different at p < 0.05

4 Discussion

Quinoa has emerged as a promising crop for cultivation in salt-affected soils due to its high salt tolerance
[28]. A study conducted by Panuccio et al. [29] suggested that the quinoa crop has evolved a special
mechanism of salt exclusion strategy to avoid salinity stress under mild salt conditions. Our study found
that low salt concentrations have minimum effects on the germination and growth of quinoa Shelly,
which was well-tolerant to 250 mM NaCl. Our findings are consistent with a previous study on some
similar traits [29]. This early-stage adaptation to salinity stress was a consequence of the low
concentration of Na" and CI™ in roots compared to the soil medium, suggesting that plants actively
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excluded Na" and C1™ from their roots as described in a previous study [28]. According to this mechanism,
plants face the potential challenge of active uptake of water against the concentration gradient. This
mechanism was further supported by an in silico study conducted by Jarvis et al. [30]. An in silico
assessment of ion transporters annotated in the quinoa genome discovered a high diversity and number of
K", Na", and C transporters in quinoa compared to other species reported in the literature.
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Figure 4: Relative expression of BADH, SOD, and POD genes under salt treatments with different NaCl
concentrations (0, 100, 250 mM). (a) relative expression of BADH, SOD, and POD genes in roots, (b)
relative expression of BADH, SOD, and POD genes in leaves
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Figure 5: Relative expression of BADH, POD, and SOD genes in the 15-day quinoa seedlings treated with
NaCl (100 or 250 mM) for 0, 1, 2, 6, 12, and 24 h. (a) Gene expression pattern in quinoa treated with 100 mM
NaCl, (b) Gene expression pattern in quinoa treated with 250 mM NaCl

However, a high concentration of NaCl solution (350 mM) significantly inhibited quinoa germination
and seedling growth, resulting in a decrease in seed germination rate, germination energy, germination
index, and vigor index when compared to the control.

It is found in the literature that when quinoa plants are subjected to a medium with elevated Na" (salt
treatment), plant [K'] level generally declines as [Na'] rises [31]. A major growth constraint of salt stress
is a Na" induced K" deficiency that can disrupt cell metabolism.

The MDA content indicates the extent of oxidative stress in the cell membrane as well as plants’
osmolyte imbalance [27]. MDA levels increased rapidly in our study when the salt concentration was
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increased (Fig. 2), which depicts the occurrence of oxidative stress induced by NaCl stress. Cai et al. [32]
discovered that the activities of each antioxidant enzyme (SOD, POD, and CAT) increased when
compared to the control. Nonetheless, MDA did not accumulate significantly at the lowest salt level
(100 mM NaCl), corroborating our findings that MDA contents accumulate under high salinity stress.
Meanwhile, the activities of the antioxidant enzymes SOD and POD that could be destroyed by high salt
concentrations went down significantly (Figs. 3b and 3c). A considerable increase in MDA content at
higher salt levels is evidence of more membrane damage due to the high-level production of reactive
oxygen species (ROS) [32]. Interestingly, a lower salt solution concentration (<250 mM) significantly
induced the activity of SOD, POD, and BADH, the seed vigour index and fresh weight of quinoa
increased significantly (Figs. 1 and 3). This specified that the low salt condition contributed positively to
the germination and growth of quinoa. This might be because of the early and non-lethal effect of the salt
stress stimulus. As a result, the plant detects the stress signals and starts producing a maximum level of
antioxidant enzymes to cope with the unsuitable conditions ahead. This ultimately positively upregulate
the morpho-physiological functions of plants [32]. These phenomena were also observed in other reports,
in which the growth of cultivar Kasala’s seedlings was promoted under NaCl concentrations <1.8% (w/v),
equates to 300 mM [33]. The germination of other quinoa cultivars, like Yanli 47 and 48, was promoted
by NaCl concentrations of 0.6% (w/v) that, equates to 100 mM.

There were differences in salt stress responses among the three stress-responsive genes, with BADH
being the most sensitive to NaCl stress. According to our findings, the salt stress response of SOD and
POD activity was greatest at about 250 mM NaCl, while BADH showed highly significant activity at
350 mM NaCl. (Fig. 3a). The possible reason for this response pattern of SOD, POD, and BADH is cited
in literature that SOD and POD act as the first line of defense against salinity stress tolerance mechanism
and send stress signals in different forms like elevated levels of H,O, to protect themselves [31-34].

Tissue-specific expression patterns revealed that the expression levels of BADH and SOD genes were
higher in the root than in the leaf tissues, while POD was lowest in the root and highest in the leaf,
indicating the diversity of expression and participation of the genes in salt tolerance. The dynamic genes
expression level in real-time under salt stress showed that BADH was more responsive to salt stress than
POD and SOD (Fig. 5a). Salt stress treatment of 250 mM NacCl inhibited the POD and SOD gene
expressions throughout the process as well as made the seedlings dehydrated, which indicated that the
upstream enzymes on the synthesis pathway of the POD and SOD might prematurely be deactivated.
Therefore, we consider that the osmotic regulator is more stable than the antioxidant enzymes in the NaCl
tolerance mechanism of quinoa. The salt stress usually leads to the osmotic imbalance in plant cells [35].
GB is one of the most crucial cellular osmolytes that plays a critical role in osmotic adjustment and
protection of enzyme activities from abiotic stresses, such as cold, heat, and salt [6,36,37]. It has been
reported that GB stabilizes the quaternary structure of complex proteins such as antioxidant enzymes and
oxygen-evolving PSII; genes encoding BADH catalyze the transformation of betaine aldehyde (BA) into
GB and has a pivotal role in the synthesis of GB [38]. These findings corroborate the fact that expression
level and response of the BADH gene induced by salt stress is one of the important indicators of salt
stress tolerance in quinoa germplasm.

Quinoa depicted distinct patterns of response toward different levels of stress. One of the treatments, the
salt-shocked one, under 250 mM NaCl concentration for 24 h, could lead to lethal destruction of the 15-day
old seedlings. In comparison, plants with another treatment that cultivated under high salt stress environment
beginning from seed germination could survive despite its inhibited growth. It implies that, during the whole
plant ontogeny from germination to tissue differentiation, seeds have sufficient time for self-adjustment to
acclimatize to a high salinity environment. Therefore, an appropriate treatment approach or transplanting
time needs to be chosen reasonably in the process of introduction or cultivation of salt-tolerant quinoa.
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Our study is useful to deepen the knowledge of the salt tolerance mechanism of quinoa and breeding salt-
tolerant germplasms for cultivation on saline-alkali land.
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